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ia eOCAT CORTICAL) RESPONSE 
IN THE HIPPOCAMPUS OF RABBIT 


P. ANDERSEN anp J. JANSEN Jr. 


Neurophysiological Laboratory, 
Anatomical Institute, University of Oslo, Norway 


INTRODUCTION 


Since the pioneering study of Adrian (1) the neocortical response 
to an electrical stimulus applied near the recording electrode has 
been the subject of a long series of investigations (for reviews see 9, 
26). However, the interpretation of this local cortical response is 
still a matter of considerable controversy (9). The complex histolo- 
gical arrangement of the neocortical neurons and their afferent and 
efferent axons is perhaps the main obstacle for an unequivocal 
analysis of this response. On the other hand, the architecture of 
the hippocampal cortex is much more uniform, and has been described 
histologically in great detail (13, 24). 

The purpose of the present study has been, first to take advantage 
of this relatively simple cortex in an investigation of the site of 
initiation and the propagation of impulses along the neuronal surface 
in response to a direct electrical stimulus; second to correlate the local 
hippocampal response with the corresponding neocortical potential. 

The results confirm and extend the results obtained by Cragg 
and Hamlyn (16) who studied the effect of intracortical stimulatio on 
the neurons of the hippocampal field CAl (for anatomical data see 3). 


METHODS 


Seventeen adult rabbits were used. The animals were anesthetized 
with urethane-chloralose (750 mg/kg and 40 mg/kg, respectively), 2) 360t 
the dose given intravenously and 1/3 intraperitoneally. a 

In the experiments with anoxia, the animals were iminobilized_ by 
intravenous decamethonium bromide (Decacurin AFI) 0.25 mg/kg. Artificial 
respiration was carried out through a tracheal cannula with a vacuum- 
driven respirator. Pure oxygen was supplied under positive pressure 
(10 cm H,O). Anoxia was produced by substituting oxygen with nitrogen 
in the respirator. ; 

The dorsal aspect of the hippocampus was exposed by suction of the 
overlying neocortex. Only the hippocampal field CAl1 of Lorente de N6 (24) 
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was studied in detail. The exposed cortex was irrigated with warm Ringer’s 
solution. The temperature of the recording room was about 25°C, — 

Stimulation was carried out with bipolar electrodes, usually applied 
to the cortical surface. In some experiments a stainless steel electrode with 
an interpolar distance of 1 mm was employed. In most experiments the 
electrode consisted of two copper wires of 0.2 mm which were kept close 
together with an insulating varnish. For depth stimulation two insulated, 
stainless steel wires of 35 m thickness were similarly lacquered together. 
The stimulators employed produced square wave pulses with independently 
controllable frequency, pulse duration and voltage. The usual shock repe- 
tition rate was 0.3/sec and pulse duration 0.1 msec. 

Records from the surface were obtained by a silver ball monopolar 
electrode (0.3 mm). The large indifferent electrode was placed on the cut 
edge of the skin in the neck. For depth recording glass capillaries of 5-10 yp, 
filled with 3 M KCl or 3 M NaCl were employed. They were carried by 
a micromanipulator allowing graded vertical movements of 1 mw, and inserted 
approximately perpendicularly to the cortical surface. The estimation of 
the actual extent of electrode penetration was a difficult problem. The 
change in response pattern and the micromanipulator readings were com- 
pared on inserting and retracting the electrode. The sequence of events 
was identical in the two cases. In relation to the micromanipulator readings, 
however, the changes in response occurred deeper in the cortex during the 
insertion than during retraction of the electrode. This difference was usually 
about too uw and indicated that the cortex was somewhat-compressed, re- 
spectively lifted by the electrode movements. 

The recording electrodes were connected through an external cathode 
follower to a four stage push-pull amplifier. The impulses were visualized 
on a double beam cathode-ray oscilloscope with sweeps synchronized with the 
stimulus. The time constant of the recording system could be varied between 
ro and 200 msec. The form of the response was controlled with a DC amplifier. 

Histological sections (2) were prepared approximately parallel to the 
electrode track to study their extent and the relation of the microelectrode 
recordings to the layers of the ‘CAI cortex. 


RESULTS 


Form and threshold of the local hippocampal response. — The 
typical response of the field CAl of the rabbit hippocampus to direct 
electrical stimulation of the cortical surface near the recording elec- 
trode consisted of an initial surface negative spike followed by a nega- 
tive wave, sometimes with superimposed small spikes (Fig. 1 A and B). 
This potential complex will be called the local hippocampal response. 

The initial spike was usually purely surface negative, and only 
occasionally preceded by a small positivity. The duration of the 
negative phase measured 1I-4 msec, usually about 2 msec. The 
following surface negative wave lasted considerably longer, from 
25-60 msec. A small negative crest was often observed in the start 
of the rising phase of this component. Following stronger stimulation, 
or in periods of increased cortical excitability, one or more negative 
spikes could be elicited superimposed upon the negative wave 
(Fig. 1 B). These spikes were usually of rather small magnitude. 
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If the recording electrode was moved a short distance outside the 
most responsive area, the longlasting negative wave was changed. to 
or even a 


a triphasic negative-positive-negative wave (Pies 1D) 


ourely positive wave (Fic ook a oe : 
I y positive wave (Fig. 1 C). Such a change of the polarity of 
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Fig. 1. — Local hippocampal responses. 


A: most usual form of the response. B: effect of increasing stimulus 
strengths indicated in multiply of threshold to the left of each record. 
C: response with a purely positive slow wave. J: response with negative- 
positive slow wave and effect of increasing stimulus strengths as in B. 


the negative wave was also observed when the hippocampal cortex 

showed signs of depressed excitability. 

. The threshold of the initial spike was similar to or slightly lower 
than that of the following negative wave (Fig. 16 and D). The 

threshold of the late small spikes was definitely higher. 
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Distribution of the local hippocampal response. — The distribution 
of the responses following stimulation of a given point on the hippo- 
campal surface is illustrated in Fig. 2. The activated region comprised 
a wedge-formed area extending rostrally and slightly laterally from 
the stimulated point towards the fimbria. Only small deflections 
were observed in the opposite direction. The amplitude of the initial 
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Fig. 2. — Distribution of local vesponse on the hippocampal surface. 


Schematic drawing to the left indicate localization of stimulating and 
recording electrodes. Corresponding responses shown to the right. No 
responses were obtained in the opposite direction. 


spike as well as that of the following wave diminished with increasing 
distance from the stimulating electrode. 

The distribution of the negative wave was not identical to that 
of the initial spike. Thus, the negative wave was obtained from 
more extensive zone than the initial spike, the former exhibiting 
its maximal amplitude slightly lateral to the area of maximal spike 
responses. When recording a little outside the area of maximal 
responses, the amplitude of the initial spike decreased rapidly, and 
the polarity of the following negative wave was often partially 
(Fig. x D) or totally (Fig. 1 C) reversed. : 
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With increasing distance from the stimulated point, the latency 
yf the initial spike increased. The average conduction velocity was 
estimated in five experiments to about 2.5 m/sec (1.3-3.3 m/sec). 

Section of the alveus. — In order to localize the fibres mediating 
the impulses responsible for the local hippocampal response a shallow 
cut, severing the alveus fibres, was made between two recording 
electrodes. This section reduced the response obtained from the 
distal electrode-b (lower lines in Fig. 3). On the proximal side of 
the lesion a qualitatively unchanged response was still obtained (B) 
showing that the result was not due to a general loss of respon- 
siveness of the cortex. The results suggests that the impulses are 
traversing in axons situated within the alveus. 
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Fig. 3. — Effect of section of alvear fibres. 


Electrode arrangement as indicated in diagram below the recordings. 
Upper trace in each record obtained from the proximal recording electrode a, 
while lower trace is obtained from distal electrode b. A: control before 
lesion. B: records obtained following shallow (less than 0.5 mm deep) section 
between the two recording electrodes, severing the superficial alvear fibres. 
Three superimposed sweeps in each record. 
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Stimulation at different depths. — The threshold and the am- 
plitude of the initial spike of the local hippocampal response changed 
in a reproducible manner when the stimulating electrode was inserted 
through the various cortical layers. The lowest threshold and the 
largest evoked responses were observed when the tip of the stimula- 
ting electrode was 0.5 mm deep to the ependymal surface of the CAI 
(Fig. 4). This depth roughly corresponds to the pyramidal cell layer. 
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Fig. 4. — Surface responses to stimulation at different depths and at dif- 
ferent stimulus strengths. 


Only initial spike is recorded. Left column of numbers indicates depth 
of stimulating electrode for the corresponding responses. Second column 
shows the relative threshold of the initial spike evoked from corresponding 
depths. Numbers at the top indicates the stimulus strengths in multiply 
of threshold (T) for the corresponding vertical column of responses. 


Fig. 4 shows the importance of using low stimulus intensities in such 
measurements. By use of stronger stimuli (6.6 and 18.3 x threshold) 
the differences between the amplitudes of the responses elicited from 
the various cortical layers are less clear. These results suggest that 
the electrical stimulus primarily excites the cell bodies and/or the 
proximal part of the apical dendrites of the pyramidal neurons. 
Stronger shocks in addition probably stimulate the axons coursing 
in the alveus near the ventricular surface. 


Recording at different depths. — Fig. 5 illustrates two typical 
experiments in which records were obtained by a glass capillary 
electrode penetrating the CAI cortex parallel to the pyramidal apical 


LOCAL CORTICAI RESPONSE IN THE HIPPOCAMPUS 


\ 
= B 


O.l 


0.2 


0.3 


0.5 
06 
0.7 g 


0.8 


Fig. 5. — Responses recorded’ at different depths of the hippocampal 
cortex. 


A and B from two different experiments. Further explanation in text. 
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dendritic shafts. The three main components of the local hippocampal 
response showed characteristic changes at different cortical layers. 

With increasing depths the initial spike increased in magnitude 
and attained a maximum amplitude at 0.4-0.5 mm (Fig. 5 4), cor- 
responding to the pyramidal layer. Below this stratum the amplitude 
rapidly decreased, and the polarity reversed at about 0.7 mm. In 
some other experiments the initial spike remained negative down 
to 1.0 mm (Fig. 5 B). The change at 0.5-0.6 mm from a purely 
negative spike to a diphasic positive/negative one suggests that the 
action potential is propagated along the apical dendrites away from 
the cell body. 

The slow negative wave has its maximum at the ventricular 
surface and reversed already at 0.3-0.4 mm, 7.e. above the reversal 
point of the initial spike and above the pyramidal cell bodies. Below 
the point of reversal the slow wave was recorded with a positive 
polarity, often of a considerable magnitude. 

The third component, the small spikes occurring superimposed 
upon the surface negative wave, is shown in Fig. 5 B. In this experi- 
ment only one spike was seen. Like the initial spike it increased in 
magnitude and attained a maximum at 0.4 mm, corresponding to 
the pyramidal layer. Below this level the late spike rapidly turned 
diphasic and soon became purely positive. This was interpreted as 
downward propagation followed by a conduction block at 0.8 mm. 
At this level the initial spike was still revealed as a monophasic 
negative deflection. It is inferred from this experiment that the 
initial spike propagated further along the apical dendrites than did 
the late spike. 

In Fig. 6 some more detailed observations concerning the problem 
of impulse propagation along cortical dendrites are illustrated. 
A shows the records obtained at 0.1 mm intervals from the surface 
down to 1.0 mm. The amplitude of the spike reached its maximum 
at about 0.4 mm. Below this level the spike became positive/negative 
and subsequently purely positive. In B the records obtained at 0.4, — 
0.6, 0.7, 0.8 and 1.0 mm are photographically superimposed. C shows 
a pyramidal neuron drawn to scale and at the appropriate level and 
the latency of the negativity of the initial spike plotted against the 
depth of the electrode. The graph demonstrates that the speed of 
propagation decreased progressively from 0.55 m/sec just below the 
cell bodies to 0.18 m/sec just before the conduction was blocked. In 
this experiment the spike was sometimes recorded as a double 
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__ Fig. 6. — Details of changes in latency and polarity of initial spike at 
different depths. 


; A: responses at successive depths with 0.1 mm intervals. B: records 
from 0.4,.0.6, 0.7, 0.8 and 1.0 mm photographically superimposed. Dotted 
line indicates the points to which the latencies have been measured. €: plot 
of the latency of initial spike against distance from the alvear surface. To 
the right a pyramidal neuron drawn to scale at the correct level. 


358 P, ANDERSEN AND J. JANSEN JR. 


deflection. The two spikes then fused when the recording electrode 
was pushed down to the pyramidal layer. They had the same excit- 
ability properties and the same stimulation threshold. 


Response to paired shocks. — The initial spike was not affected 
by a preceding supramaximal shock until the delay was about 7 msec. 
At shorter delays the spike was progressively diminished and at 
about 1.5 msec (1.0-1.7 msec.) it was totally abolished (Fig. 7 Oe 
The subsequent negative wave showed a different excitability cycle. 


A 


Fig. 7. — Responses to paired shocks at different intervals. 


A, B and C, different sweep speeds. 


When supramaximal shocks were employed, this component was 
augmented at delays up to 300 msec, and was observed to summate 
to the corresponding wave of the conditioning response (Fig. 7 4 
and B). 


Response to repetitive stimulation. — This procedure was of 
special value in the study of the local hippocampal response. Some 
pertinent observations are, displayed in Fig. 8. Column A shows 
the marked facilitatory effect on the negative wave. The initial 
spike was not influenced. Following the repetitive stimulation the 
responses to single shocks demonstrated a period of post-tetanic 
potentiation, again affecting the negative wave and leaving the 
initial spike unchanged (Fig. 8 4, 3” and 12”). The post-tetanic 
potentiation lasted from some seconds to minutes according to the 
duration and the frequency of the stimulation. ‘ 
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Another example is shown in B. The sharp initial deflection of 
the local response represents the initial spike. The following slow 
wave, positive in this experiment, was greatly enhanced both during 
and after the repetitive stimulation. By the use of relatively high 


Fig. 8. — Effect of repetitive stimulation. 

A: tetanic and post-tetanic enhancement of slow negative wave. Fre- 
quency of stimulation to the left of the four upper records. The following 
three records are single shock responses (0.3/sec) after a 1o/sec conditioning 
tetanus of 10 sec duration. Numerals indicate time in secs after the end 
of conditioning tetanus. 8: development of afterdiscarge after a 24 sec 
tetanic stimulation and its effect on the local hippocampal response. Time 
in secs after the end of tetanic stimulation above each of the following 
records. Further explanation in the text. C poo tetanic enhancement of 
early part of slow wave and development ai spi ke discharges. Time in secs 
after end of conditioning tetanus above each of the following single shock 
test responses. D: depression of slow negative wave by repetitive stimulation 
at different frequencies indicated to the left of each record. E: partial 
reversal of slow negative wave by repetitive stimulation. a: control response 
(0.3/ sec). 6:1 min after too/ sec stimulation for ro sec. ¢: 2 min after te- 
tanic stimulation. 


repetition rates, as in the example illustrated, sustained electrical 
afterdischarges occurred quite frequently. The three lowest records 
in B were obtained during and after such an event. The record 
marked 2” is from the start of the afterdischarge. The spontaneous 
discharges are seen and in addition the enhanced initial spike of 
the local response. In the following record (4’’) the spontaneous 
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discharges are of small amplitude, but the initial spike 1s still augmen- 
ted. In addition, a new spike is formed in the trough of the following 
positive wave. In this case the afterdischarge was of short duration. 
As a rule such discharges lasted for considerably longer periods. 
During such conditions the local hippocampal response was depressed, 
at first the negative wave, but shortly afterwards also the initial 
spike. The two components reappeared in the reverse order. 

Fig. 8C demonstrates a third type of effects due to repetitive 
stimulation. On increasing the stimulus frequency the small negative 
notch on the slow wave increased and developed to a negative spike. 
Subsequently more spikes were elicited, all being superimposed on 
a long-lasting negative wave. Such results were only seen in periods 
of increased cortical excitability. 

Fig. 8 D and E shows depression or reversal of the negative 
wave as the result of tetanic stimulation of higher frequency (in 
PD 4o/sec and in E too/sec). The initial spike undergoes much smaller 
changes. Usually the effect was changed from a facilitatory to an 
inhibitory one on increasing the stimulus frequency. 


Effect of anoxta. — Deprivation of the oxygen supply had a 
differential effect on the initial spike and the negative wave (Fig. 9 4). 
The negative wave was totally depressed in the course of 3 minutes, 
while the initial spike at the same time showed a small increase. 
Following readmission of the oxygen the reappearance of the slow 
wave started with the development of a negative-positive wave. 
This component showed a great post-anoxic enhancement (2 min), but 
at 4 minutes the pre-anoxic value was resumed. No corresponding 
variation of the amplitude of the initial spike was noted. In some 
experiments the anoxia rapidly changed the negative wave to a 
diphasic negative-positive deflection which resisted anoxia for at 
least 5 minutes. Again the initial spike was little affected by anoxia 
during the same period. 

Irom these experiments it may be concluded that the local 
~ hippocampal response consists of three parts, the initial spike, the 
oe. initial part of the negative wave, and the subsequent major part 
of this wave. These components resist anoxia in the same order, 
the latter being the most susceptible one. 


= 


Effects of strychnine. — Local application of a i per cent solu- 
tion of strychnine sulfate at the recording site markedly changed _ 
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the local hippocampal response (Fig. 9 B). The initial spike was 
not significantly affected. However, the negative wave was greatly 
increased both in magnitude and duration, and several negative 
spikes appeared superimposed upon the negative wave. Washine 
of the cortex with a warm Ringer’s solution reversed the effect. 


Fig. 9. — A: effect of anoxia. Left column development of anoxia 
tight column restitution. Further explanation in text. B: effect of strych- 
mine. 1 per cent strychnine sulfate applied locally to the hippocampal 
surface close to recording electrode. C: effect of sodium pentobarbital 
(Nembutal) applied locally. Top record control. Time in min. after drug 
applicationto left of each record in B and C. * 


Effect of sodium pentobarbital (Nembutal). — Locally applied 
pentobarbital to the recording site depressed the late part of the 
negative wave, thereby unmasking a surface positive wave of great 
amplitude (Fig. 9 C). Later this wave was blocked, leaving only 
the initial spike and the first part of the negative wave almost 
unchanged. These results suggest that the later parts of the slow 
wave are due to polysynaptic activity. 


DISCUSSION 


1. Stimulus thresholds of different cortical elements. — For the 
interpretation of the response obtained it is important to reveal the 
elements within the hippocampal cortex which have the lowest 
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threshold for a direct electrical stimulus. The stimulus threshold 
was found to be lowest in or near the pyramidal layer, suggesting 
that the pyramidal cell bodies, or perhaps their initial axonal segments 
(x0, 21) are the most easily excitable elements in this region. This 
assumption is in agreement with observations regarding the com- 
missural impulses between the two hippocampi (3). Stronger shocks 
will probably also excite a variety of other structures, including 
the alvear fibres. 

Of special interest is the rather high stimulus threshold when 
the electrode was located 1.0 and 1.5 mm deep to the alveus, 7.e. 
among the thinnest branches of the CAI apical dendrites. Chang (15) 
tentatively attributed the local cortical response to the direct stim- 
ulation of the horizontally coursing, thin branches of the apical 
dendrites. This interpretation has not been generally accepted (17, 
26), and the present observation of a high threshold for electrical 
stimulation among the thin dendritic branches supports this divergent 
opinion. Apical dendrites have even been claimed to be electrically 
inexcitable (27). 

2. Interpretation of the local hippocampal response. — The obser- 
vations presented indicate that the local hippocampal response may 
be divided in at least three components, differing in physiological 
properties. 

i) The initial spike is ascribed to the synchronous firing of 
a group of pyramidal cells. As it was purely negative and of minimal 
latency in the pyramidal layer it is believed to be initiated in or 
near these cell bodies. The question arises whether the spike re- 
presents a synaptic or an antidromic activation of the pyramidal 
cells. The present observations do not permit a final conclusion 
on this point. No early activity was observed which might be inter- 
preted as a postsynaptic potential initiating the spike. Furthermore, 
the spike displayed an unusually high resistance. to anoxia and 
Nembutal and was not influenced by strychnine. All these obser- 
vations would support the hypothesis of an antidromic mode of 
activation. On the other hand, the distribution of responses following 
stimulation of the alvear surface (Fig. 2), and the reduction in 
threshold as the stimulating electrode was pushed towards the 
pyramidal layer (Fig. 4) are hardly compatible with an antidromic 
activation as the great majority of the pyramidal cells are known 
to send their axons anteriorly toward the fimbria. The remarkable 
amplitude variations of the initial spike during dfterdischarges 
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(Fig. 8 B) are similarly believed to favour the notion of a synapse 
in the pathway mediating the initial spike. Thus, the tentative 
conclusion is reached that the initial spike represents the postsynaptic 
firing of pyramidal cells activated by synapses close to their cell 
bodies. The descending collaterals of alvear fibres (13) 1s a possible 
anatomical substratum for the postulated pathway. In this context 
it is of interest to note that von Euler and Green (18) in their study 
of single units in the hippocampal field CAl found that the cells 
were not invaded by antidromic impulses. 

The presence of a double spike is assumed to be caused by an 
asynchronous activation of the pyramidal cells. 

The absolute refractory period of the initial spike measured 
about 1.5 msec. This value is comparable with the data given for 
other neurons (7, II, 23, 28). However, the value is much smaller 
than that obtained by Andersen (4) on commissural activation of 
CAl neurons. These cells seem to have a considerably longer absolute 
refractory period on apical dendritical activation (as the commis- 
sural) than on activation of the cell body (as by local stimulation). 


Another explanation is that the commissural activation is polysy- . 


naptic. However, both histological (8) and physiological data (4) 
suggest that a substantial part of the commissural activation of the 
CAl pyramidal neurons is monosynaptic. 

The resistance of the initial spike to anoxia, strychnine and 
nembutal indicates that the synaptic transmission in question pro- 
bably is monosynaptic. 

ii) The negative wave is regarded as being composed of two 
different parts. The first part is fairly resistant while the following, 
major part of this wave was markedly influenced by repetitive stim- 
ulation, paired shocks, anoxia, strychnine and nembutal. Both 
parts of the negative wave were recorded with reversed polarity 
below 0.3-0.4 mm from the ventricular surface. Therefore, they are 
both ascribed to activity taking place in the layer of the basal 
dendrites, the stratum oriens. The last, sensitive component is 
thought to be due to polysynaptic activation of pyramidal cells, 
perhaps by the way of the basket cells of Lorente de No (24). The 
interpretation of the first part is more difficult. Occasionally it has 
been observed to increase, giving rise to a spike (Fig. 7 C) and may 
accordingly represent an excitatory postsynaptic potential elicited 
at the basal dendrites. However, the present data do not permit a 
definite interpretation of this component. 

: 


, 
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iii) The late spikes are assumed to represent discharges of 
polysynaptically activated pyramidal cells. This interpretation 1s 
based upon their high threshold, their appearance following repetitive 
stimulation or application of strychnine, and their early disappearance 
in periods of depressed excitability. Further, they are recorded with 
the greatest magnitude in the pyramidal layer. 

3. Impulse propagation in dendrites. — In spite of the flourishing 
literature on this subject, general agreement on this point is still 
lacking. Purpura and Grundfest (27) deny the possibility of electrical 
excitability and thereby propagation of spikes within dendrites. A 
second group, especially Bishop and coworkers, states that impulses 
may spread electrotonically in a somatofugal direction in the cortical 
apical dendrites (5, 6, 14). On the other hand, Cragg and Hamlyn (16) 
and Andersen (4), studying the CAl dendrites, have obtained results 
suggesting propagation along these structures. Some of the contro- 
versy may possibly be explained by regional differences in the den- 
dritic arrangement and in their physiological properties in various 
parts of the central nervous system. 

The present study has given evidence for a somatofugal propa- 
gation of impulses along the apical dendrites of the CAI neurons. 
The initial spike was recorded diphasic positive/negative below the 
pyramidal layer (Fig. 5 A, 6). As the record obtained from 0.8 mm 
below the surface (Fig. 6) shows persisting negativity at an instant 
where the negativity of the 0.4 mm record has vanished (4 msec 
after the onset of the stimulus), the observed spike-propagation can 
not solely be explained as due to electrotonic spread. Freygang (20) 
has calculated that an electrotonic potential spreading along a den- 
drite of 5 w diameter will display a latency of the order of 0.1-0.2 msec 
at a distance of 0.5 mm from the origin of the electrotonus. The 
shafts of the CAl apical dendrites have diameters from 2-8 yw, thus 
similar to the model of Freygang, but the increase of latency of 
the initial spike over a distance of 0.5 mm was about 1.5 msec, 7.e. 
much greater than may be explained by electrotonic spread. 

The speed of propagation is remarkably consistent with that 
given for the same dendrites by Cragg and Hamly (16), using in- 
tracortical stimulation, and by Andersen (4), studying their synaptic 
activation. In the latter investigation the spike was found to have — 
its shortest latency at the apical dendritic shafts and was propagated — 
towards the soma. In the present study, local stimulation excited — 
the spike at the soma and the latency increased’ along the apical | 
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dendrites. These results suggest that the spike may be produced 
in different parts of the neurone, and that the conduction along 
the dendrites is not only due to electrotonic spread. The apical 
dendritic shafts of the pyramidal cells are by far the most likely 
elements to mediate the propagated spike. 

The monosynaptic evoked initial spike seems to be propagated 
further along the apical dendrites than does the polysynaptic activ- 
ated late spikes (Fig. 5 B). The latter also shows a diphasicity 
which may be regarded as a sign of somatofugal propagation, but 
conduction block — indicated by pure positivity — occurs at a level 
at which the initial spike is still negative. The extent to which an 
impulse may invade the apical dendrites is possibly related to the 
effectiveness of the soma activation. This view is in agreement 
with the observations of von Euler et al. (19) who where able to 
force the impulses down in the apical dendrites of the hippocampus 
only by repetitive stimulation of the dorsal fornix. Single shock 
stimulation was not sufficiently effective to make the impulses invade 
the dendritic tree. 

4. Relation to the local neocortical potential. — The local hippo- - 
campal response is markedly different from the local neocortical 
potential. No initial spike, and only occasionally late spikes have 
recorded been in the latter (15, 25). However, Brooks and Enger (12) 
attributed their “‘ fast response ’’ to synaptic activation of pyramidal 
cells by way of horizontally coursing axons. 

The surface negative wave of the hippocampal response has 
many properties in common with the local neocortical response. 
These are the surface negativity, ability of summation, small or 
lacking refractory period, enhancement by strychnine, and a mo- 
derate susceptibility to anoxia and pentobarbital. It does, therefore, 
not seem unlikely that at least the first part of the negative wave 
of the local hippocampal response corresponds to the surface negative 
wave of the local neocortical potential. 

5. Relation to the local cerebellar potential. — The two local 

| responses have some similarity in the form (22). Both exhibit a 

| sharp spike, attributable to the discharge of the dominating cortical 

| elements, i.e. Purkinje cells and pyramidal cells, and a slow surface 
negative wave which is interpreted as an excitatory postsynaptic 
‘potential initiated at the dendrites lying near the surface. However, 
definite differences exist. Thus, post-tetanic potentiation was absent 
in the cerebellar response while it was a prominent phenomenon in 
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the hippocampus. Strychnine enhanced parts of the hippocampal 
response enormously, but did not affect the cerebellar potential. 
These observations probably reflect a greater amount of polysynaptic 
circuits put into action in the hippocampal cortex compared with 
the cerebellum. The greater ease with which long neuron chains 
may be activated in the hippocampus is in accord with the frequent ~ 
occurrence of afterdischarges in this cortical area. 


SUMMARY 


1. The local response of the field CAI of the hippocampus has 
been studied in rabbits under urethane-chloralose anesthesia. The 
response consisted of an initial negative spike (1-3 msec) followed 
by a slower surface negative wave (25-60 msec), sometimes with 
one or more negative spikes superimposed. 

2. The response is assumed to be evoked by the direct electrical 
stimulation of pyramidal cell bodies or the initial part of their axons 
and apical dendrites. It was recorded from a rather small, wedge 
shaped zone extending from the stimulated point rostrally and so- 
mewhat laterally towards the fimbria. The maximal distribution of 
the negative wave was a little lateral to that of the initial spike. 
The conduction velocity of the latter was 1.3-3.3 m/sec. 

3. The initial spike is regarded as the postsynaptic discharge 
of the pyramidal cells. The activation takes place at the level of 
the cell body and is propagated into the apical dendritic shaft with 
a velocity of about 0.5 msec, decreasing to about 0.2 msec just before 
the site of the conduction block. The terminal arborizations of the 
apical dendrites were apparently not invaded. 

4. The surface negative wave reversed its polarity just above the — 
pyramidal layer. It is partly attributed to the synaptic activation 
of the basal dendrites. If this activation becomes sufficiently intense, — 
late spikes occur as the sign of polysynaptic initiated pyramidal 
cell discharges. These secondarily activated pyramidal cell discharges \ 
are also propagated into the apical dendrites, but are blocked closer — 
to the cell body than is the monosynaptically activated initial spike. | 

5. The results are discussed in relation to the local feo N 
ot the neocortex and the cerebellar cortex. 


* 
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ADDENDUM 


During the preparation of the manuscript another work appeared, dealing 
with the local cortical response of the hippocampus in rabbits (Kandel E. R., 
Spencer W. A. and Brinley F. J. Jr. Transient and long-lasting electrical 
responses to direct hippocampal stimulation. Amer. J. Physiol., 198: 687- 
692, 1960). This investigation deals. with properties of the slow negative 
wave and its reaction to topical application of GABA. Contrary to the 
findings by the present authors, Kandel ef al. only occasionally observed 
the initial spike and have not investigated the properties of this component 
of the local hippocampal response. 
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INTRODUCTION 


The functional organization of the ventral spino-cerebellar tract 
(VSCT) has been studied in considerable detail (9, 32, 34, 36). The 
VSCT neurones are located in the lateral part of the intermediate 
zone and adjacent parts of the dorsal and ventral horns, and send 
their axons up the contralateral ventral quadrant of the spinal 
cord (20). They are monosynaptically activated by ipsilateral Id 
(Golgi tendon organ) afferents, and polysynaptically inhibited from 
the flexor reflex afferents, 7.e. group II and III muscle afferents, 
skin and high threshold joint afferents (9, 32, 34, 10, 18). In the 
decerebrate preparation the inhibition is strongly suppressed because 
of a tonically active control system described by Holmqvist, Lundberg 
and Oscarsson (18). This system originates from cells in the lower 
brain stem and descends in the dorsolateral funiculus of the spinal 
cord. From each side a bilateral control is exerted. 

Experiments suggesting a different supraspinal control system 
were recently reported (36): repetitive stimulation of the dissected 
dorsolateral funiculus was followed by a strong inhibition of ipsi- 
lateral VSCT neurones. It has now been shown that this inhibition 
can be caused by stimulation of pyramidal tract fibres coming from 
the sensorimotor cortex. In addition, there has been discovered an 
extrapyramidal control system which originates in the cerebral cortex 


_and exerts a powerful excitatory action on the VSCT neurones. 


1 Present address: Institute of Physiology, University of Pisa, Italy. 
2 Present address: Institute of Physiology, University of Lund, Sweder. 
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METHODS 


The experiments were performed on 20 Cats under lght pentobar- 
bitone anaesthesia. The hamstring, triceps, and sural nerves were dissected 
and mounted on stimulating electrodes. The nerves were usually prepared 
bilaterally. The L, and L, spinal segments were exposed. A horizontal 
section reaching to the midline of the spinal cord and going through the 
level of the denticulate ligaments. was made from the upper part of the L, 
segment down to the rostral border of the insertion of the EE tOots aalhe 
ventral quadrant of the cord was transected at the rostral end of this section; 
a slight lateral pull sufficed to separate it from the midline. The ventral 
quadrant was mounted on recording electrodes, one placed near the severed - 
end, the other, close to the place where the quadrant was in continuity 
with the intact spinal cord at mid-L,. In most experiments the ventral 
quadrant was prepared bilaterally. 

In some experiments intra-axonal recording was made from fibres in 
the ventral quadrant at the lower part of the L, segment. The technique 
was similar to that described by Laporte, Lundberg and Oscarsson (26). 
In a few experiments the dorsolateral funiculus (= dorsal half of Jateral 
funiculus) on one side was dissected at Th8 after a laminectomy including 
a few thoracic vertebrate. In these cases the dorsal funiculus of the same 
side was severed about 5 mm caudally of the dissected dorsolateral funic- 
ulus. The latter was mounted on stimulating electrodes. The frontal lobe 
and rostral part of the parietal lobe was exposed, as a rule, bilaterally. 
Pools of mineral oil covering the dissected nerves, cortex, and exposed 
segment of the spinal cord were kept at a temperature of about 38°C. 

In some experiments designed for making lesions in the pyramids the 
ventral aspect of the medulla oblongata was exposed. The lesions were 
controlled histologically by serial sections 25 mw thick. 

Cortical stimulation was performed with a silver ball electrode (anode) 
touching the cortex, the indifferent electrode being placed in the temporal 
muscle, or as a ring around the exposed cortex. The stimuli were condensor 
discharges with a half decay of about 40 microsec. Usually repetitive stim- 
ulation at a frequency of 660 per second (1-16 stimuli) was employed. 
The threshold for any appreciable effect on the VSCT was usually about 4 V. 

Conventional amplifying and recording technique was used. The re- 
cords were usually obtained by photographic superposition of to traces in 
order to reject random noise. 


RESULTS 


1. Cortical effects on ascending tracts in the ventral quadrant. — 
The spike-like, monosynaptic VSCT mass discharge elicited by 
stimulation of group I muscle afferents and recorded from the dis- 
sected contralateral ventral quadrant, was used for testing inhibitory — 
| and facilitatory effects from cortex. In order to obtain a large test 
: discharge combined stimulation of the hamstring and triceps nerves 
: was usually employed. In Fig. 1, the VSCT discharge was recorded 
bilaterally, the unconditioned discharges being shown to the left. 
Points A-D of the right cortex (left diagram) were stimulated repe- 
titively and the effects on the right (upper row of records) and left . 
(centre row) VSCT discharges are shown in the appropriately labelled — 
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Fig. 1. — Effects produced by stimulation of the cerebral cortex on certain 
ascending tracts. 


The stimulating and recording arrangement is shown by the diagrams. 
The ventral quadrants (VQ’s) of the spinal cord were recorded from at 
the L, segment. Upper row of records shows the VSCT discharge in the 
right VQ elicited by combined stimulation of the left hamstring and triceps 
nerves (LHT). Middle row shows the VSCT discharge in the left VQ elicited 
by combined stimulation of the right hamstring and triceps nerves (RHT). 
The records in the left vertical column show the unconditioned VSCT dis- 
charges, the columns labelled A-D show the VSCT discharges conditioned 
by repetitive cortical stimulation (preceding the sweep) in points appro- 
priately marked on left diagram (anterior part of right hemispere, viewed 
from above). The number of stimuli was 15, the frequency 660 per second. 
The interval between the first conditioning stimulus and the VSCT discharge 
was 30 msec in upper row, and 25 msec in middle row of records. Lower 
row of records shows the ascending discharge (AD) evoked by cortical 
stimulation alone. Note absence of discharge on stimulation of point Ag 
and long latency of discharge elicited from point D. The amplification 
was the same for the two lower rows of record. All the records were formed 


by superposition of 10-15 faint traces. 
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columns of records. Strong effects were observed with the right 
VSCT response. Stimulation of points 4, C and D resulted in facil- 
itation and stimulation of point B caused inhibition. Similar results 
were obtained in other experiments and the cortical areas responsible 
for facilitation and inhibition are hatched in the left diagram. Ver- 
tical hatching indicates the facilitatory areas and horizontal hatching 
the inhibitory area. Weak facilitation of the left VSCT discharge 
was observed from all points (centre row of records). 

Repetitive stimulation of points B, C and D elicited an ascending 
discharge in the ventral quadrant (lower row of records). This discharge 
was evoked bilaterally, there being no significant difference in size 
between the discharges in the two quadrants (Fig. 2K, L; Fig. 3 G, H). 

Further information about the nature of the cortical effects 
was obtained by intra-axonal recording from fibres in the ventral 
quadrant. It has previously been shown (35) that the majority of 
the coarse ascending fibres in this area of the spinal cord belong 
to two groups: i) VSCT fibres monosynaptically activated from 
contralateral group I afferents. 1) Fibres ascending to the brain 
stem and polysynaptically activated from ipsilateral and contralateral 
flexor reflex afferents; the tract they constitute will be denoted 
VFRT. Typical records-from these two types of fibres are shown 
in Fig. 2. The upper traces record intra-axonal potentials and the 
lower traces, mass discharges in the ventral quadrant. Records A-F 
show a VSCT unit monosynaptically activated from the hamstring 
nerve (A) (cf. 34). In record B, the hamstring nerve was stimulated 
with a strength slightly submaximal for group I afferents. Both 
the unitary spike and the mass discharge were inhibited either by 
a conditioning stimulus applied to the sural nerve (C) or by repe- 
titive stimulation of the inhibitory cortex (D). There was no activity 
in the VSCT unit corresponding to the ascending mass discharge 
evoked by cortical stimulation (D), hence the inhibition of the VSCT 
response was genuine and not due to occlusion. Similar findings 
were made with the other VSCT units recorded from. Record E 
was obtained on slightly weaker stimulation of the hamstring nerve. 


The unitary spike appeared only occasionally as shown by the su- 


perposed traces. Stimulation of the facilitatory area increased the 
VSCT mass discharge and made the unitary spike appear regu- 
larly (F). In our experiments the cortical facilitation was never 
strong enough to evoke spikes in the VSCT units; it was only revealed 
as a subliminal excitation by the method of monosynaptic testing. 
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Fig. 2. — Effect of cortical stimulation on VSCT and VERT units. 
The stimulating and recording arrangement as in Fig. 1, but only the 
right ventral quadrant was recorded from. In addition, intraaxonal record- 
ing was performed from fibres in the right ventral quadrant at the L,-L, 
boundary. The right and left hamstring (H) and sural (S) nerves were 
mounted for stimulation. Simultaneous recording from fibre (upper traces) 
and from ventral quadrant (lower traces). Records A-F from a VSCT unit 
monosynaptically activated by group I afferents in the left hamstring nerve. 
All records were formed by superposition of about 1o faint traces. A, su- 
pramaximal stimulation of the left hamstring nerve. B-D, stimulation of 
the left hamstring nerve at a slightly submaximal group IJ strength which 
unconditioned regularly elicited a spike in the unit (B).  C, inhibition of 
spike and VSCT mass discharge produced by a single conditioning volley 
in the left sural nerve. D, inhibition produced by repetitive stimulation 
(six stimuli) of the right inhibitory cortex (IC). -F, stimulation of the 
left hamstring nerve at a submaximal group I strength which unconditioned 
only sometimes evoked a spike in the unit (£). F, conditioning by repetitive 
stimulation (six stimuli) of the right rostral facilitatory area (FC) resulted 
in facilitation; the spike appeared regularly. Records G-L from a VERE 
“unit activated by skin and high threshold muscle afferents 1n_ all tested 
nerves (G-/, right and left hamstring and sural nerves). This unit was also 
activated by repetitive stimulation (six stimuli) of the left and right cortex 
of the anterior sygmoid gyrus (LFC, RFC). Note similarity in time course 
of mass discharge and unit activity. Same sweep speed in all records (A-L). 
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Records G-L were obtained froma VFRT fibre. This fibre was typ- 
ically activated from right and left muscle and skin nerves (G-/) and 
also by stimulation of either left or right cortex’ (K, ZL). The V ARG 
fibres were responsible for the late discharges recorded in the ventral 
quadrant on supramaximal stimulation of various nerves (cf. 35) and 
also for the similar discharge which appeared on cortical stimulation. 


2. Descending pathways. — Experiments as that illustrated in 
Fig. 3 were performed in order to decide if the pyramidal tract 
mediated any of the effects described in the preceding section. The 
right VSCT discharge was inhibited from the right inhibitory cortex 
(RIC) (C) and facilitated from the rostral right facilitatory cortex 


SBS 
RVQ LVQ —~ RVQ 
A B (ae J ae ae 
ea sel as Riese! ane : 
D K L 
eas Aw ie ines ai : sone ele 
E M 


| F N 
RFC+TEST en \ | eucee™ sie A : 
Ge H O P 


MSEC 


RO na, entra, 


Fig. 3. — The pyramidal tract as pathway for cortical inhibition but not 
for cortical facilitation. 


Stimulating and recording arrangement as in Fig. 1. The right cerebral 
cortex was stimulated in the inhibitory area (RIC) and the rostral facili- 
tatory area (RFC, RC). A-H were obtained before, and J-P after, a lesion 
made in the right pyramid as shown by the diagram. The four vertical 
columns of records were obtained from the right and left ventral quadrants — 
(RVQ and LVQ), as indicated. A-F and I-N show the VSCT discharges 
evoked by combined stimulation of contralateral hamstring and_ triceps 
nerves. Upper horizontal row of records shows control discharges. Row 
indicated RIC + TEST shows effects produced by repetitive stimulation 
(12 stimuli preceding the sweep) of the right inhibitory area. Note change 
of inhibition to facilitation after lesion (C, K). Row indicated RFC + TEST 
shows effects produced by repetitive stimulation (as for RIC) of right facil- 
itatory area. Note that the facilitation remained after the lesion, though 
it was slightly decreased in L and N. G and H show the ascending discharges 
evoked from the right cortex (9 stimuli) which disappeared after the lesion 
(Op). Note different time scales for A-F, J-N and for G, H, O and. P3 
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(RFC) (£), whereas the left VSCT discharge was facilitated from 
both these cortical-areas (D, F). After right pyramidotomy the 
inhibition reversed to facilitation (compare C and K). The facili- 
tation of the right VSCT remained unchanged (EF, M), whereas that 
of the left VSCT was slightly decreased (D, L and*F, N). Records 
G and H show the ascending discharges evoked bilaterally in the 
VFRT from the right cortex; following the pyramidotomy this 
discharge was bilaterally abolished (O, P). Similar results were 
obtained in other experiments; in’ two of them it was shown that 
the facilitation remained also after a bilateral pyramidotomy. In 
some cases the facilitation decreased slightly following the unilateral 
(cf. Fig. 3) or bilateral pyramidotomy; presumably there was some 
accidental damage of structures surrounding the pyramids. It is 
concluded that the cortical facilitation of the VSCT was mediated 
by an extrapyramidal pathway, whereas the VSCT inhibition and 
the ascending discharge in .VFRT were induced by activity in the 
pyramidal tract. 

The experiments illustrated in Fig. 4 were designed to decide 
in which part of the spinal cord the facilitatory system descended. 
Records A-F show facilitation of the right (A-C) and left (D-F) 
VSCT discharges. Unusually, the facilitation was as marked with 
the contralateral VSCT discharge (B, F) as with the ipsilateral one 
(C, E). After transection of the right dorsal quadrant (black in 
diagram) the right discharge was still facilitated (H, J), whereas 
the facilitation of the left discharge had disappeared (K, L). It 
is concluded that the facilitation from ipsilateral and contralateral 
cortex was exclusively mediated by fibres descending in the cord 
ipsilaterally to the cell bodies of the VSCT neurones. 

It has previously been shown that the ventral quadrant of the 
spinal “cord contains descending fibres which monosynaptically 
activate ipsilateral VSCT cells (9, 19, 34). Presumably these fibres 
originate from cells in the brain stem and mediate effects from the 
cerebellar cortex (19). We have now excluded that the present 
facilitatory system is identical with this ventral pathway; it could 
a priori not be excluded as part of that system might remain after 
dissection of the ventral quadrants. Records M-k were obtained 
from a preparation with initially intact spinal cord except for: the 
dissected right ventral quadrant (left diagram). Upper records (M, 
O, Q) show the test VSCT discharges and lower records (N Bothy) 
these discharges facilitated from the right cortex. There was virtually 
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no decrease of the facilitation when the left ventral quadrant was tran- 
sected (centre diagram; O, P), or when in addition the right dorsolater al 
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Fig. 4. — Identification of the excitatory pathway as part of the ipsilateral 
(velative to the VSCT cells) dorsolateral funiculus. 


Records A-L from one experiment. Stimulating and recording arrange- 
ment as in Fig. 1, but the cortex was exposed bilaterally for stimulation. 
The VSCT discharge was evoked by combined stimulation of the contra- 
lateral hamstring and triceps nerves. The cortical stimulation (12 stimuli) 
was applied to the rostral facilitatory area (FC). A-F were obtained with 
the dorsal half of the spinal cord intact, G-L after transection of the right 
dorsal quadrant. The upper row of records shows VSCT discharges in the 
right ventral quadrant (RVQ), the lower row VSCT discharges in the left 
ventral quadrant (LVQ). dA, D, G and L are unconditioned discharges. 
Vertical columns of records indicated LFC + TEST and RFC + TEST 
show the VSCT discharges conditioned by stimulation of indicated left 
and right cortical areas (the stimuli precede the sweep). Note that the 
facilitation unusually was of the same intensity from ipsilateral and con- 
tralateral cortex. Note that the facilitation of the right VSCT discharge 
remained after the lesion, while it was abolished in the left VSCT. Re- 
cords M-R from a different experiment. The spinal cord was intact initially, 
except for the dissected right ventral quadrant at L,. The VSCT discharge 
was evoked by combined stimulation of the left hamstring and triceps nerves 
and is shown unconditioned in M, O and Q. N, P and R show the VSCT 
discharge conditioned by repetitive stimulation (12 stimuli) of the right 
rostral facilitatory area. M and N before, and O and P after, transection 
of the left ventral quadrant (indicated by black in the diagram). Q and R 
after additional transection of the right dorsolateral funiculus and both 


dorsal funiculi (black in diagram). Note that the facilitation remained. 
unchanged. 
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Similar experiments were performed with respect to the inhib- 
itory pathway. It was found that this pathway was contained 
within the dorsolateral funiculus ipsilateral to the VSCT cells. This 
is in accordance with the fact that the pyramidal tract in the cat 
originating from the pericruciate cortex and reaching caudal segments 
of the cord, is mainly or exclusively crossed and located in the dor- 
solateral funiculus (2, 5, 6). 


3. Cortical areas. — The areas from which the various cortical 
effects could be elicited were determined by systematic mapping. 
Usually 12 stimuli were used, the effect on the VSCT being tested 
after a fixed interval approximately corresponding to maximal inhib- 
ition as well as maximal facilitation. The stimulus strength was 
slightly above threshold for a barely appreciable effect on the VSCT 
discharge. This strength had to be approximately doubled in order 
to evoke a localized contraction in head or forelimb musculature 
(motor effects in other parts of the body had a higher threshold). 
This contraction ceased when the electrode was moved about I mm 
along the cortical surface; clearly the stimulus strength used for 
mapping did not cause any appreciable cortical spread. The cortex 
was explored by moving the electrode stepwise I mm, records being 
taken at each position of ipsilateral and contralateral effects on the 
VSCT, and of the ascending discharge in VFRT. 

In Fig. 5, the inhibitory area is indicated by horizontal hatch- 
ing, and, in maps B and D, diagonal hatching shows regions from 
which the ascending discharge could be evoked. The inhibitory area 
was limited to the medial part of the posterior sygmoid gyrus (map A) ; 
maximal inhibition was usually obtained by stimulation close to the 
cruciate sulcus. No part of the inhibitory area was concealed by 
facilitation as shown in two preparations which for unknown reasons 
were deficient of the facilitatory effect, whereas the pyramidal effects, 
inhibition to VSCT and excitation to VFRT, were of normal strength 
(map D). Inhibition was never observed from any other area of 
the explored cortex and it was always strictly unilateral. The ascend- 
ing discharge was elicited from the medial part of the posterior 
sygmoid gyrus and from the lateral part of the anterior sygmoid 
gyrus (maps B, D). It was usually largest when evoked from points 
close to the cruciate sulcus, being maximal from points sometimes 
anterior and sometimes posterior to this sulcus. It was evoked 
bilaterally from the whole area. An ascending discharge was also 
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elicited from a region corresponding to the hindlimb area of the 
somatic area II (maps B, D). This discharge was small and had 
a relatively long latency (Fig. 1) 

Both the inhibition of VSCT ‘aso the ascending discharge were 
due to activity in the pyramidal tract. The inhibition of VSCT 
neurones was tested on cells activated from hindlimb nerves which 


Fig. 5. — Cortical areas influencing the VSCT and VFRT. 


“Dorsal aspect of cerebrum. A, areas influencing the right VSCT: hori- "4 
zontal hatching represents inhibition, vertical, facilitation. B, areas produc- 
a ene in the right VFRT. C, areas influencing the VS 
my (hatching as in A). D, areas influencing V 
charge in VFRT, in a preparation deficient of 
‘ (hatching as in A and B). E, distributic 
s (hatched and cross-hatched) accord: 
-areas I and II (si ded 1 
Fairman (42). See the 


a 


ne an 


SUPRASPINAL CONTROL OF VSCT 379 


cortex is of special interest. The pyramidal tract takes origin from 
both these cortical areas; the part originating in the sensory cortex 
terminates in sensory nuclei and has been suggested to control 
transmission to sensory pathways (22). Hatching and cross-hatching 
in map £, Fig. 5, indicates the origin of the pyramidal tract as 
determined by recording of antidromic potentials (ea4ueabut ch 21) 
24). This area corresponds reasonably well to area gigantopyramidalis 
of Brodmann (3, cf. 4). The motor cortex has been delimited by 
studies of the motor effects that can be evoked on cortical stimula- 
tion. There is agreement that the motor area includes the posterior 
Sygmoid gyrus and a lateral part of the anterior sygmoid gyrus 
(13, 25, 27, 39, 40). On the other hand, the somatosensory cortex 
is restricted to the postcruciate cortex, the sensory areas I and II 
being surrounded by broken lines in map E (1, 42). Presumably 
both the VSCT inhibition and the ascending discharge are mediated 
by the same functional group of pyramidal tract fibres (see Discus- 
sion). The area elicting the ascending discharge included a lateral 
part of the anterior sygmoid gyrus. This suggests that this area is 
related to the motor area rather than the sensory area. It would 
follow that the inhibitory area, from which maximal effects were 
obtained close to the cruciate sulcus, also is related to the motor area. 

It will be shown below (section 5) that pyramidal inhibition to VSCT 
is mediated by interneurones that also carry the inhibition from flexor 
reflex afferents to this tract. Presumably the discharge in VFRT is elicited 
through the interneurones that mediate excitation from the flexor reflex 
afferents to these neurones (see Discussion). The inhibition to VSCT neu- 
rones is supplied mainly by flexor reflex afferents in ipsilateral nerves (con- 
tralateral nerves provide only weak inhibitory and excitatory effects), 
whereas the excitation to VFRT is supplied symmetrically by the flexor 
reflex afferents of both sides (34, 35). This may explain why the pyramidal 
effects to VSCT were unilateral and to VFRT bilateral. ; 

No inhibition of the VSCT discharge was observed from somatic area IT. 


The ascending discharge from this area was small; possibly any inhibitory 
effect to VSCT was too weak to be detected. 


Facilitation of the VSCT discharge could be produced from 
three areas (vertical hatching, maps 4, C). The caudal area con- 
sisted of the most rostral part of the lateral gyrus. In some cases 
weak facilitation could be evoked more laterally than shown in 
map A, sometimes even laterally of the lateral sulcus. Maximal 
facilitation from the rostral area was usually obtained from the 
anterior sygmoid gyrus, the whole area extending widely over this 
gyrus and also including a rostral strip on the posterior sygmoid 
gyrus. Part of this area was concealed by inhibitory effects and 
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was revealed after pyramidotomy (map C; Fig. 3). Sometimes the 
facilitatory area extended more laterally than shown, but there 
were always gaps between this area and the other two. It had a 
more medial and rostral extension than the area from which the 
ascending discharge could be evoked. Weak facilitation could usually 
be produced from a third area corresponding to somatic area II. 

The facilitation was either of equal strength from the rostral 
and caudal area, or weaker, in one case even absent, from the caudal 
area. The facilitation could be produced from symmetrical areas 
on the two hemispheres (map A) but the effect was usually (cf., 
however, Fig. 4) much weaker from the areas ipsilateral to the VSCT 
neurones. The facilitation from all areas remained after pyramido- 
tomy (map C; Fig. 3) and was carried by fibres in the dorsolateral 
funiculus ipsilateral to the VSCT neurones (Fig. 4, A-L). 

The facilitation to VSCT can, at present,:not with any cer- 
tainty be correlated with other functions of the cortex. However, 
it is of interest that Tower (38) was able to evoke extrapyramidal 
motor effects from regions approximately corresponding to the fa- 
cilitatory areas. 


4. Thresholds and latencies. — The maps in Fig. 5 were obtained 
at a fixed interval between conditioning and testing which gave 
maximal facilitation and inhibition. As a rule both facilitation and 
inhibition could be demonstrated from the inhibitory area, as is 
illustrated in Fig. 6 A. This gives additional evidence for overlapping 
facilitatory and inhibitory areas, besides that presented in the pre- 
vious section. Facilitation preceded the inhibition even at liminal 
stimulus strength (Fig. 9 A, open circles). Similar findings were 
made in other experiments; the electrical threshold for facilitation 
and inhibition was approximately the same. Furthermore, there 
was no consistent difference between the threshold for inhibition, for 
facilitation from either caudal or rostral area, or for evoking an 
ascending discharge. The facilitation and inhibition reached a 
maximum when the stimulus strength was increased to about twice 
the threshold for a barely perceptible effect, whereas the ascending 
discharge usually continued to grow at higher relative strengths. 

The latency of the facilitation was assessed in a number of 
experiments. In Fig. 6 B a single stimulus applied to the rostral 
facilitatory area sufficed to produce a recordable facilitation (crosses). 
The latency measured to the beginning of the VSCT* discharge was 
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Fig. 6. — Time courses of cortical facilitation and inhibition of VSCT 
mass discharge. 


A, facilitation and inhibition of the right VSCT discharge on repetitive 
stimulation (six stimuli) of the right “‘ inhibitory’ area. Two strengths 
of stimulation were used and are given as multiples of threshold strength 
producing a just perceptible effect on the VSCT discharge. B, facilitation 
of the right VSCT discharge on stimulation of the right rostral facilitatory 
area. The three curves were obtained with one, three, and siw stimuli as 
indicated. C, facilitation of the right VSCT discharge from three difterent 
areas: the right rostral facilitatory (RRF), the right caudal facilitatory 
(RCF), and the left rostral facilitatory (LRF) area. In all curves the abscissa 
represents the interval between the first conditioning stimulus and the 
beginning of the test discharge, and the ordinate, the height of the condi- 
tioned VSCT discharge in per cent of the unconditioned one. The stimuli 
are indicated above the line representing the abscissa. All the values were 
obtained from records consisting of about 10 superposed traces. 
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msec (cf. 9). Hence the facilitation of the VSCT neurones had a 
latency of slightly more than 6 msec. In other experiments the 
latency varied between 6.5 and 8 msec. An increased number of 
stimuli (Fig. 6 B) prolonged the facilitation but no paths with shorter 
latencies were opened up. 

Longer latencies of facilitation were observed with other faci- 
litatory areas. In Fig. 6 C the latency from the rostral area contra- 
lateral to the VSCT neurones was about 7.5 msec (crosses). A longer 
latency, about 10 msec, and later maximum characterized the facil- 
itation from the contralateral caudal area (filled circles), and the 
latency from the ipsilateral rostral area was even longer, about 
15 msec (open circles). These findings suggest pathways of different 
lengths from the different areas, possibly they either originate or 
are relayed in the rostral area contralateral to the VSCT neurones. 


5. Organization of inhibitory pathway at segmental level. — It 
has previously been shown (36) that VSCT neurones are inhibited 
on repetitive stimulation of the dissected ipsilateral dorsolateral 
funiculus. This inhibition is carried by fibres of a high conduction 
velocity (up to 85 m/sec) and has a delay of several msec. The latter 
indicates that the inhibition is mediated by interneurones at the 
segmental level. Other fibre systems than the pyramidal tract may 
contribute to this inhibition but there is at present no need for such 
an assumption. We have now investigated further the organization of 
the interneuronal path from the pyramidal tract to the VSCT neurones. 

VSCT neurones are strongly inhibited by volleys in ipsilateral 
flexor reflex afferents and by volleys in the ipsilateral pyramidal 
tract. These two polysynaptic pathways to the VSCT neurones 
were similarly influenced by the supraspinal control system described 
by Holmgvist e¢ al. (18). This system consists of fibres originating 
from cells in the lower brain stem and descending in the dorsolateral 
funiculus; from each funiculus a bilateral action is exerted at the 
segmental level. It suppresses the transmission in a number of 
pathways activated from the flexor reflex afferents, including the 
inhibitory path to VSCT neurones. This control system is tonically 
active in the decerebrate preparation; in the spinal, or partially 
spinal preparation its action can be imitated by repetitive stimulation 
of the dissected dorsolateral funiculus (18, 36). In Fig. 7, the right 


VSCT discharge was uninfluenced by repetitive stimulation of the 


dissected right dorsolateral funiculus (A, B). Such stimulation 
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resulted In a marked decrease of the VSCT inhibition produced by 
cortical stimulation (EF, F). : 


Stimulation of the dorsolateral funiculus in Fig. 7 was of : 
strength. With stronger stimulation it was often cee nee he 
pletely the inhibition from the flexor reflex afferents and frou, Borie 
VSCT. However, both in the present type of preparation and in the spinal 
preparation (unpublished observations) such strong stimulation ar th 
dorsolateral funiculus resulted in facilitation of the VSCT discharge eit 
it difficult to assess the amount of “‘ disinhibition’. This facilitation ed 
a long latency (about 8 msec) and a slow time course (maximum after 
about 20 msec). It was presumably due to removal of tonic inhibition from 
segmental interneurones mediating effects from the flexor reflex afferents 
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Fig. 7. — Suprasegmental control of inhibitory pathway from skin af- 


fevents and from pyramidal tract. 


The stimulating and recording arrangement is shown by the diagram. 
The VSCT discharge was recorded from the right ventral quadrant (VQ) 
at L, and elicited by stimulation of the left hamstring nerve (LH, A-F) or 
by combined stimulation of the left hamstring and triceps nerves (LHT, 
G-J). The test VSCT discharge (A) was unchanged when preceded by 
repetitive stimulation (12 stimuli at 660 per second) applied to the right 
dorsolateral funiculus (RDLF) (B). C and E show VSCT discharges inhi- 
bited by stimulation of the left sural nerve (LS) and by repetitive stimu- 
lation of the right inhibitory cortex (RIC) respectively. Corresponding 
lower records (D, F) show that additional stimulation. of RDLF results 
‘in a partial or complete disinhibition. Record G shows the test vscr 
discharge which in I is facilitated by repetitive stimulation of the right 
rostral facilitatory area (RFC). Corresponding lower records (H, J) show 
that additional stimulation of RDLF (the same stimulating parameters as 
in B, D and F) did not alter the facilitation. ; 
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The possibility that the inhibition from the pyramidal tract 
and the flexor reflex afferents was mediated by common interneu- 
rones was investigated in experiments as that illustrated in Fig. 8. 
The graph shows the time course of cutaneous inhibition when tested 
on the ordinary VSCT response (crosses) and when tested on the 
VSCT response slightly inhibited by preceding cortical stimulation 
(open circles). In the latter case the initial part of the cutaneous 
inhibition was strongly facilitated by the cortical stimulation. It 
is concluded that the pyramidal tract and the flexor reflex afferents 
converge to common interneurones. At longer intervals the two 
curves in Fig. 8 coincide or deviate little from each others. Occlusion 
may be partly responsible though it was not favoured by the con- 
ditions in the experiment: both cortical and nerve stimulation were 
adjusted to give weak inhibition. Presumably inhibitory effects to 
the interneurones were partly responsible. 

The results described in this section are summarized in the 


©) 10 20 30 Ag), SURI 


_ Fig. 8. — Interaction of effects from cutaneous afferents and from inhi- 
bitory cortical area. 


The curves show the time course of cutaneous inhibition of VSCT 
neurones when tested on the ordinary VSCT response (crosses) and when 
tested on the VSCT response inhibited by cortical stimulation (open circles). 
Abscissa: interval between stimuli to sural and hamstring nerves. Ordi- 
nate: height of conditioned VSCT discharge in per cent of inconditioned — 
one. At every tested interval four records consisting of about 10 super- 
posed traces were obtained: 1) the control VSCT discharge elicited by 
combined stimulation of the hamstring and triceps nerves and used for 
calculating, in per cent, the effect of conditioning; 2) the VSCT discharge 
inhibited by cortical stimulation.(10 stimuli, 660 per second) at a fixed 
oe (25 msec) betore the discharge (indicated in per cent of control 
: discharge, filled circles); 3) the VSCT discharge conditioned by 
stimulation of the sural nerve (crosses); 4) the’ VSCT discharge inhibited 
by cortical stimulation as in 2) and conditioned by stimulation of the sural 


ee (open circles). Note that the black circles do not indicate a time 
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diagram shown in Fig. 9. The VSCT neurones are monosynaptically 
excited from Ib afferents and polysynaptically inhibited from the 
flexor reflex afferents (the connection schematically indicated as a 
disynaptic path). The interneurones activated by the flexor reflex 
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Fig. 9. — Organization at seg- 
mental level of two descending con- | | 
tvol systems which act on the inhi- 
bitory pathway from the flexor reflex 
afferents to VSCT neurones. | 
VSCT neurones indicated by | 


large open circle. Excitatory syn- 

aptic terminals shown as open 

circles, inhibitory neurones and | 
terminals, as filled circles. Poly- 

synaptic connections are shown as | 
disynaptic. Midline of spinal cord 

indicated by broken line. Abbre- | 
viations: Ib, Golgi tendon organ FRA Ib 
afferents; FRA, flexor reflex affe- 

rents; PYR., functional subdivision of pyramidal tract; CSH, supraspinal 
control system of Holmqvist ef al. (18). See the text. 


afferents are also activated by the ipsilateral pyramidal tract and 
inhibited by the ipsilateral and contralateral control system of 
Holmqvist ef al. (18). This inhibition is presumably mediated by 
inhibitory interneurones as in other investigated pathways of the 
central nervous system (cf. 7). 


6. Organization of facilitatory pathway at segmental level. — The 
cortical facilitation was carried by an extrapyramidal pathway. It 
suggests that this pathway is interrupted in the brain by at least 
one synapse. The short latency of the facilitation (about 6.5 msec, 
see section 4) indicates that it acts either monosynaptically, or 
through one, possibly two, interneurones, at the segmental level. 

The cortical facilitation was never influenced by stimulation of 
the dissected dorsolateral funiculus (Fig. 7 G-j). It 1s concluded 
that segmental interneurones, if any exist, are not depressed by 
the control system of Holmqvist e al. One observation may suggest 
that interneurones are interpolated at the segmental level. The 
cortical facilitation was regularly abolished when the two inhibitory 
pathways to the VSCT were activated. In Fig. 10 C, stimulation 
of the sural nerve caused a large inhibition of the VSCT discharge 
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Fig. 10. — Suppression of cortical facilitation concomitantly with inhi- 
bition of the VSCT. 


Record A shows the test VSCT discharge recorded from the right 
ventral quadrant on stimulation of the left hamstring nerve (LH). The 
VSCT discharge was conditioned, in B, by repetitive stimulation (all arte- 
facts shown) of the rostral facilitatory area of the right cortex (RFC) and, 
in C, by a single stimulation of the left sural nerve (LS). The effect of com- 
bined stimulation of cortex and sural nerve is shown in D. E-F were obtained 
in a different experiment. The VSCT discharge was elicited by combined 
stimulation of the left hamstring and triceps nerves (LHT). The VSCT 
discharge is unconditioned in &, conditioned by repetitive stimulation 
(12 stimuli at 660 per second, preceding the sweep) of the right rostral 
facilitatory (RFC) and right inhibitory cortex (RIC) in F and G respectively. 
H was obtained on combined stimulation of the two cortical areas. The 
graph shows an experiment similar to that illustrated by records A-D. 
The time course of inhibition of the right VSCT produced by a single af- 
ferent volley in the left sural nerve was tested on the ordinary VSCT response 
(crosses) and on the VSCT response facilitated by repetitive stimulation 
of the right rostral facilitatory area (12 stimuli) at a fixed interval before 


the testing stimuli (open circles). Abscissa and ordinate, testing procedure, 
and significance of filled circles as in Fig. 8. 


which is shown unconditioned in A. The inhibited VSCT response 
was not appreciably facilitated by cortical stimulation (D) that 
greatly facilitated the uninhibited VSCT discharge (B). A similar 
disappearance of the cortical facilitation was seen when the VSCT _ 
response was inhibited from the cortex (E-H). In F; the facilitation _ 
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was 25 per cent, whereas, in G, the cortical inhibition decreased the 
VSCT discharge by 20 per cent. Combined stimulation of facilitatory 
and inhibitory cortical areas (H) resulted in inhibition as large as 
that produced on isolated stimulation of the inhibitory area (G). 

The graph in Fig. 10 shows the time course of the inhibition 
produced by a cutaneous afferent volley when tested on the ordinary 
VSCT response (crosses) and when tested on the cortically facilitated 
VSCT response (open circles). At intervals of 5 to 18 msec between 
conditioning and testing stimuli the curves coincide showing that 
the cortical facilitation was completely abolished. The decrease of 
the facilitation was apparent at an interval of 4 msec, when the 


Fig. 11. — Hypothetical organization at PYR.  EXTRA-PYR. VSCT-AXON 
segmental level of the pyramidal and extra- 
pyramidal pathways to VSCT. 


I 
VSCT neurones indicated by large open | 

circle. Excitatory interneurones and syn- | 

aptic terminals shown as open circles, 

inhibitosy interneurones and synaptic termi- | 

nals, as filled circles. Polysynaptic connec- 

tions are shown as disynaptic (the pathway Vsct | 

from the extrapyramidal system is probably 

disynaptic). Midline of spinal cord indi- | 

cated by broken line. Abbreviations: Ib, 

Golgi tendon organ afferents; FRA, flexor | 

teflex afferents; PYR., functional subdivi- 

sion of pyramidal tract; EXTRA-PYR., | 

extrapiramidal pathway. See the text. FRA 1b 


facilitation was less than 10 per cent; 7.e. the decrease had approx- 
imately the same latency as the inhibition of the VSCT neurones. 
Also in the other experiments there was close similarity in the time 
course of the VSCT inhibition and in the time course of the decrease 
of the facilitation. Some decrease of facilitation was usually detectable 
when the inhibition, either from the flexor reflex afferents or cortex, 
amounted to more than 10 per cent; there was usually complete sup- 
pression of the facilitation when it was more than 15 to 20 per cent. 

The short latency of the decrease of the facilitation shows that 
it was due to interaction with the facilitatory pathway at the spinal 
level, presumably close to the VSCT neurones. The decrease occurred 
always concomitantly and in parallel with the inhibition produced 
in the VSCT neurones either by volleys in the pyramidal tract or 
in the flexor reflex afferents. It is concluded that these two systems 
are also responsible for the decrease of the facilitation. The diagram 
in Fig. 11 shows the most likely organization that would account 
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for the present results. The facilitatory pathway 1s disynaptically 
connected to the VSCT neurones. The interpolated neurones receive 
collaterals from the inhibitory interneurones that constitute the final 
common path for the inhibition from the pyramidal tract and the 
flexor reflex afferents. One has to assume further that the inhibitory 
action exerted on the postulated interneurones is much more potent 
than the inhibitory action exerted on the VSCT neurones. The only 
alternative to the mechanism postulated in the diagram would be 
presynaptic inhibition exerted on the facilitatory pathway (which 
then might be monosynaptic) (cf. 7, 8, 11, 12). This possibility 
seems less likely; it would be necessary to postulate an additional 
set of interneurones that were activated from both the pyramidal 
tract and the flexor reflex afferents. 


Synaptic potentials in VSCT neurones were recently studied by in- 
tracellular recording technique in spinal preparations (9). Only inhibitory 
potentials were observed on electrical stimulation of the dissected dorso- 
lateral funiculus ipsilateral to the tract neurones. These potentials can 
now be explained as due to stimulation of pyramidal tract fibres. The 
reason for the lack of depolarizing potentials, which would be expected 
from the present demonstration of a facilitatory pathway in the same fu- 
niculus, is not immediately obvious. The simultaneous stimulation of py- 
ramidal tract fibres might result in suppression of the facilitation through 
the mechanism described above, or this mechanism might be tonically 
active in the spinal state. The activation of pyramidal tract fibres would 
presumably very effectively suppress any delayed part of the facilitation 
but would hardly occur early enough to suppress the initial part. The second 
explanation, a tonic suppression of the facilitation, is supported by the 
finding that repetitive stimulation of the control system of Holmqvist ef al. 
(cf. preceding section) produces, in the spinal state, an increase of the VSCT 
response of up to 20 per cent (unpublished results). This increase is pre- 
sumably due to inhibition of tonic activity in the interneurones that are 
interpolated on the path from the flexor reflex afferents and the pyramidal 
tract to VSCT neurones. Hence there is indication of a considerable tonic 
Inhibition of the VSCT neurones in the spinal state. A corresponding inhi- 
bition induced by stimulation of the two inhibitory systems to VSCT in 
the intact preparation was usually accompanied by a complete suppression 
of the facilitation. 


DISCUSSION 


1. The inhibitory pathway. — It has now been shown that 
volleys in the pyramidal tract inhibit ipsilateral (relative to the 
cell bodies) VSCT neurones. This explains why VSCT neurones are 
inhibited on repetitive stimulation of the dissected ipsilateral dorso- 
lateral funiculus (36). The pyramidal inhibition of VSCT neurones 
could be explained as due to activation of. interneurones on the 
inhibitory pathway from the flexor reflex afferents to the VSCT 
neurones (section 5). This finding should be considered in connection. 
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with two other observation: the recent disclosure by Lundberg and 
Voorhoeve (29) that volleys in the pyramidal tract activate inter- 
neurones on the excitatory and inhibitory paths from the flexor 
reflex afferents to motoneurones, and the present finding that such 
volleys elicit a discharge bilaterally in the VF RT (section 1). It is 
most likely that this discharge is due to pyramidal activation of 
interneurones on the pathways that mediate excitation from the 
flexor reflex afferents to the ipsilateral and controlateral VF RT. 

The similarity in the functional organization of the several 
pathways that are activated from the flexor reflex afferents has 
been emphasized repeatedly (15, 17, 18, 28). These pathways me- 
diate excitation to ipsilateral flexor motoneurones and inhibition to 
ipsilateral extensor motoneurones (10), excitation to several ascend- 
ing tracts, including VFRT, and inhibition to VSCT (18, 34, 35). The 
interneurones of these pathways are inhibited by the supraspinal con- 
trol system described by Holmqvist and Lundberg (16) and by Holm- 
qvist ef al. (18). The present findings and those of Lundberg and 
Voorhoeve (29) suggest that these interneurones are excited by volleys 


in the pyramidal tract. It would follow that the pyramidal inhibition, 


of the VSCT is the result of activity in a general control system with 
excitatory action on pathways activated from the flexor reflex afferents. 

The functional subdivision of the pyramidal tract that influences 
the VFRT, and presumably also the VSCT, originates from the 
motor cortex rather than the sensory cortex (section 3). There is 
anatomical evidence suggesting that some ascending tracts are 
controlled by pyramidal tract fibres originating in the sensory 
cortex (22); the present findings suggest that some ascending tracts, 
presumably those concerned with information directly utilized in 
the regulation of motor functions, are controlled by the motor cortex. 

2. The facilitatory pathway. — Facilitation of the VSCT dis- 
charge could be produced from three separate cortical areas (Fig. 5, 
maps A, C). The short latency of about 6.5 msec for the facilitation 
evoked from the rostral area contralateral to the VSCT neurones 
showed that this area had a relatively direct connection to the 
VSCT cells. The facilitation remained after pyramidotomy indicating 
that the pathway was extrapyramidal. Lesions in the spinal cord 
showed that the responsible fibres descended in the dorsolateral 
funiculus and exclusively exerted their action on ipsilaterel VSCT 
neurones. Further studies are needed to disclose the identity of the 
facilitatory system. One possibility to consider is the rubrospinal 


390 F. MAGNI AND O. OSCARSSON 


tract which descends in the appropriate area of the cord, contains 
large fibres, and reaches the lower lumbar segments (2, 14, 31, 37). 
Corticorubral fibres arising from an area approximately corresponding 
to the rostral facilitatory area have been described (30). 

The facilitatory system influenced VSCT but has no effect on 
the other investigated pathway, the VFRT. In contrast to the 
inhibitory system (see above) it may be specifically related to VSCT, 
or it may in addition influence uninvestigated pathways. 

3. Mechanisms for selection of information channels to VSCT. — 
The VSCT is unique among investigated spinal tracts in that it 
receives information from two ascending systems with mutually 
antagonistic effects: Golgi tendon organ (Id) afferents with mono- 
synaptic excitatory action, and flexor reflex afferents with poly- 
synaptic, predominantly inhibitory, action. Ib afferents from nerves 
to many different muscles converge to ipsilateral VSCT neurones 
according to certain distinct patterns. These patterns indicate that 
the tract carries information concerning movements or positions 
at which these muscles contract together (9, 36). The flexor 
reflex afferents arise from very large receptive fields which include 
both hindlimbs and the caudal part of the abdomen (34). The 
centre of the receptive field consists of an ipsilateral cutaneous 
area together with underlying muscles; it supplies strong inhibitory 
action. The periphery of the receptive field, usually including part 
of the ipsilateral hindlimb, the contralateral hindlimb and _ part 
of the abdomen, supplies excitatory effects. These connections 
with the flexor reflex afferents presumably permits the VSCT to 
forward information concerning flexor reflex patterns (18, 28), the 
message being coded as inhibition and displayed against a back- 
ground of resting activity (34). The ascending pathways to the 
VSCT neurones are diagramatically shown in Fig. 12. The connec- 
tions from the flexor reflex afferents are schematically shown as 
disynaptic, and those from contralateral nerves which have weak 
linkages have been omitted. Inhibitory interneurones and their 
synaptic knobs are indicated by filled circles. 

Four descending pathways which influence the VSCT neurones 
must now be recognized. They provide potential mechanisms for 
selection of one of the two information channels to the VSCT neu- 
rones, either the proprioceptive one or that informative of flexor 
reflex patterns. These descending systems and their postulated 
connections (see sections 5 and 6) are shown in Fig. 12: 
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i) The pyramidal tract (see section 5) excites the same in- 
terneurones that mediate inhibitory actions from the flexor reflex 
afferents. Presumably, on analogy with connections made to other 
pathways activated from these afferents (see Discussion, 1), also 
the interneurones on the excitatory pathway from the flexor reflex 
afferents receive similar excitation (not shown in diagram), though 
that remains unproved. 

ii) The extrapyramidal pathway (possibly  cortico-rubro- 
spinal) is shown with a disynaptic linkage as postulated above (sec- 
tion 6). The interpolated interneurones receive collaterals from the 
inhibitory cells on the pathway from the flexor reflex afferents. 


~: : : , CSH PYR. EXTRA-PYR. VP CS 

Fig. 12. — Organization of three ! : 
ascending and four descendign pat- i! i + 
hways to VSCT. | 

VSCT neurones indicated by 


large open circle. Excitatory in- 
terneurones and synaptic termi- 


nals shown as open circles, inhibi- | 
tory interneurones and synaptic 
terminals, as fidell circles. Poly- | 


synaptic connections are shown 
as disynaptic (the pathway from 


. : ——e 
the extrapyramidal system is prob- 
ably disynaptic). Midline of spi- 
nal cord indicated by broken line. i 
Abbreviations: Ib, Golgi tendon 
organ afferents; FRA, flexor reflex FRA trom periphery 
afferents: PYR., functional sub- etreceptive te 
division of the pyramidal tract; eo reatiend 


EXTRA-PYR., extrapyramidal 
pathway; CSH, supraspinal control system of Holmqvist ef al. (18); VP, 
monosynaptic pathway descending in the ventral quadrant. See the text. 


iii) The supraspinal control system of Holmqvist e al. (18, 
cf. above, section 5) inhibits, via inhibitory interneurones, both the 
inhibitory (18, 36) and excitatory (36) path from the flexor reflex 
afferents. In contrast to pathways i), ii), and iv) this control 
system exerts its action bilaterally at the segmental level (18). 

iv) A pathway located in the ventral quadrant and consisting 
of fast conducting fibres with monosynaptic excitatory connections to 
the VSCT neurones (9, 36). It has been suggested to originate from 
cellsin the brain stem and to mediate effects from the cerebellum (19). 


It has previously been demonstrated that, in the spinal state 
with interrupted descending pathways, the effects from the flexor 
reflex afferents dominate (34, 36). Isometric contraction of muscles 
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which very effectively activates tendon organs, invariably leads to 
inhibition of VSCT neurones. The flexor reflex afferents activated 
concomitantly with the tendon organ afferents supply inhibitory 
action which is stronger than the excitatory action supplied by the 
monosynaptic Ib pathway. The inhibition is displayed against a 
background of resting activity which, in the spinal state, is supplied 
by the excitatory paths from the flexor reflex afferents. In the 
decerebrate state, the supraspinal control system (ii) of Holmqvist 
et al. is tonically active and very effectively suppresses the activity 
in the polysynaptic paths from the flexor reflex afferents (36). Iso- 
metric contraction of muscles now leads to excitation of the VSCT 
neurones. This excitation is, however, fairly weak and often insuf- 
ficient to cause a discharge of the tract neurones. This may partly 
be due to a lowered excitability of the tract cells because of the 
suppressed transmission in the excitatory pathways from the flexor 
reflex afferents (cf. 36). 

The interactions between the various pathways to the VSCT 
neurones have various consequences. When the control system (ii1) 
of Holmqvist et al. is inactive, there are two mechanisms whereby 
the contrast between excitatory and inhibitory actions from the 
flexor reflex afferents can be increased. a) Activation of the inhi- 
bitory path from-these afferents leads not only directly to inhibition 
of the VSCT neurones, but also indirectly through suppression of 
any facilitation mediated by the extrapyramidal tract (ii). b) Activ- 
ity in the pyramidal tract (i) facilitates the inhibitory, and presum- 
ably also the facilitatory paths from the flexor reflex afferents. 
This would result in a higher resting activity against which a more 
powerful inhibition would be displayed. When the control system (iii) 
of Holmqvist et al. is active, the two pathways from the flexor reflex 
afferents are suppressed, whereas transmission in the extrapyramidal 
pathway (ii) is unrestrained (section 6). Facilitation from this system 
may well be necessary in order to permit the VSCT neurones to 
discharge when activated from the tendon organ afferents with their 
relatively weak synaptic linkage (34, 36). 

There is no evidence that excitation from the descending mono- 
synaptic pathway (iv) in the ventral quadrant is restricted by activity 
in other pathways. This system might serve as an independent 
regulator of the excitability of the VSCT neurones, 

The interconnections between the control pathways constinite 
mechanisms whereby one system may gain complete dominance by 
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suppressing the others. This may be especially important when 
there are many control systems which influence the same tract. In 
the present case inhibition from the pyramidal tract may completely 
suppress the facilitation from the extrapyramidal pathway, whereas 
the control system of Holmqvist ef al. may suppress all the effects 
exerted by the pyramidal tract. 


SUMMARY 


The experiments were performed on cats under light pentobar- 
bitone anaesthesia. The control from the cerebral cortex exerted 
on the transmission from primary afferents to the ventral spino- 
cerebellar tract (VSCT) was investigated by mass discharge recording 
from the whole tract, and by microelectrode recording from VSCT 
fibres. Observations were also made on an ascending tract (VFRT) 
which is bilaterally activated from the flexor reflex afferents. 

1) The pyramidal tract originating from the medial part of 
the posterior sygmoid gyrus (the hindlimb area of the sensorimotor 
cortex) inhibited VSCT neurones in the lumbar segments through 
segmental interneurones. These interneurones were, at least partly, 
identical with the interneurones that carry inhibition from the flexor 
reflex afferents to the VSCT cells. The inhibition was suppressed 
by activation of the supraspinal control system described by 
Holmaqvist et al. (18). 

2) Activity in the pyramidal tract evoked a discharge in the 
VERT: the responsible cortical area included the hindlimb area of 
the sensorimotor cortex and a lateral part of the anterior sygmoid 
gyrus. 

3) It is suggested that the two investigated pyramidal effects, 
inhibition to VSCT and excitation to VFRT, are mediated by a 
functional subdivision of the pyramidal tract which has an eXCi- 
tatory action on the various pathways activated from the flexor 
reflex afferents. It is further suggested that the motor cortex rather 
than the sensory cortex is the area of origin for these pyramidal 
fibres. 

4) Facilitation of the VSCT was produced from three separate 
cortical areas (Fig. 8, map C), and carried by an extrapyramidal 
pathway descending in the dorsolateral funiculus ipsilateral to the 
cell bodies of the VSCT neurones. One of these facilitatory areas 
consisted of a large part of the anterior sygmoid gyrus, and the 
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rostromedial part of the posterior sygmoid gyrus. The facilitation 
from this area had a latency of about 6.5 msec, indicating a rela- 
tively direct pathway to the VSCT neurones. 

5) An extremely powerful mechanism working at the seg- 
mental level could suppresse the cortical facilitation completely. 
This suppression appeared concomitantly with even slight inhibition 
of the VSCT when produced by either volleys in the flexor reflex 
afferents or the pyramidal tract. It is suggested that the inter- 
neurones which mediate the inhibition to VSCT are also responsible 
for the suppression of the facilitation. 

6) The importance of the various supraspinal control systems, 
and their interaction, for the function of the VSCT is considered 
in relation to the two types of information which this tract has been 
postulated to carry. 
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ENHANCEMENT OF CORTICAL RESPONSES 
TOs HOCK SOE ULV ERED 
LOCEALERALA GENICULATE BODY. 
LOCALIZATION AND MECHANISM OFTHE EFFECTS : 


A. ARDUINI anp M. H. GOLDSTEIN Jr.2 
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Centro di Neurofisiologia del C. N. R., Sezione di Pisa 
and Communication Biophysics Group of Research Laboratory of Electronics 
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INTRODUCTION 


Previous experiments (2) showed that the response from the 
visual cortex to single shock stimulation of the lateral geniculate 
body was larger for conditions of visual deafferentation than for a 
dark-adapted retina. This enhancement was quite similar to that 
obtained during illumination of the retinas. It was suggested that 
the mechanism underlying both phenomena was the suppression or 
reduction of a tonic outflow of impulses from the dark-adapted 
retinas. In this interpretation the “dark discharge ’’ influences 
the visual pathways in a way that reduces the size of the shock- 
evoked responses. 

Suppression of the dark discharge not only leads to the fore- 
mentioned effects in the visual pathways, but also underlies more 
generalized changes in the EEG patterns (1, 3). Here we ask whether 


t The research has been sponsored jointly by the Office of Scientific 
Research of the Air Research and Development Command, United States 
Air Force, through its European Office, under contract No. AF 61(052)-107 
and by the Rockefeller Foundation. 

2 Science Faculty Fellow of the National Science Foundation, U.S.A., 
on leave of absence from the Electrical Engineering Department, Massa- 
chusetts Institute of Technology, Cambridge, Mass. . 

3 The research project is in common to the two Institutes. Animal 
experimentation has been carried on in Pisa, while analysis of the data 

stored on magnetic tapes has been performed at the Massachusetts Institute 
of Technology. Preliminary notes were published in: Boll. Soc. tal. Biol. 
“Sper., 36: 1530-1532, 1960; and in Research Laboratory of Electronics Massa- 
chusetts Institute of Technology, Quarterly Report, n° 60, 215-221, 1961. 
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the enhancement of shock-evoked responses is restricted to the 
visual pathways or is, as it is the case for the EEG changes, more 
generalized. 

An indication that brain structures other than specific visual 
pathways are involved comes from experiments on cats with midline 
sagittal splitting of the optical chiasm. In these preparations some 
enhancement of responses in the contralateral hemisphere was found 
with monocular illumination (2). Chang (7) has reported an enhan- 
cement of responses in the auditory cortex to shocks in the corre- 
sponding medial geniculate body during retinal illumination, suggest- 
ing a generalized phenomenon. 

Another object of these investigations is to obtain further 
understanding of the mechanism of enhancement of responses during 
illumination and visual deafferentation. Accepting as a working 
hypothesis, still awaiting direct confirmation, that these effects have 
as a common origin the reduction or suppression of the dark dis- 
charge, we can ask whether the dark discharge produces a true- 
Sherringtonian inhibition or whether there is a reduction in response 
due to occlusion. The second mechanism assumes an occlusion of 
neural elements at the geniculate and/or cortex arising from a tonic 
activity in these elements. The dark discharge would be the origin 
of this tonic activity and thus the origin of the occlusion. 

For sake of simplicity, in the present paper we shall be con- 
cerned only with the earlier events following the single shock, the 
so-called “‘ primary responses’’. Later events, also time-locked to 
the stimulus, but generally included in the loose term “ after effects ”’ 
or “ after discharges ”’ will not be dealt with presently but will form 
the object of a further analysis. 

To have a means of quantitative comparison of the effects 
obtained in different experimental conditions and to avoid errors — 
due to the fluctuation of individual responses we have utilized the 
technique of averaging the evoked responses (see under: Methods). 


METHODS > 

Most of the experiments were made on cats with a complete transection 
of the brain stem at a midpontine level, just in front of the trigeminal roots. 
The technique of preparation has been previously reported (2). In some — 
control experiments, cats under Nembutal anesthesia (intraperitoneal) _ 
were used, or Nembutal was injected intravenously in the midpontine prep-_ 
aration. Only in a minority of experiments where the animal’s respiration 
was not satisfactory was artificial ventilation used. A few of the prepa- 
rations were immobilized with Sincurarine. : 
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Electrical shocks were applied to the lateral geniculate body, the optic 
tract, or the medial geniculate body, and activity recorded from the cor- 
responding sensory projection areas. Electrical pulses, usually 0.2 msec 
duration and 2 V to 5 V amplitude, were delivered by a Tektronix stimulator 
through isolation transformers. The pulses were applied to the lateral 
geniculate body or the optic tract by bipolar, concentric electrodes, oriented 
stereotaxically, and usually to the medial geniculate body by bipolar elec- 
trodes about 1 mm apart, oriented anterior-posterior and at the same depth. 
The parallel bipolar arrangement was found to be more effective in stim- 
ulating the medial geniculate body than a concentric electrode. Histo- 
logical control of the position of the electrodes was routinely performed 
with Niss] and Weil series stained preparations. 

An acute and reversible deafferentation of the visual system was 
obtained by raising the intraocular pressure as described previously (1). 
Standard illumination was achieved by the beam of a 30 W filament lamp 
suspended 40 cm above the preparation, at about a 75° angle. The bright- 
ness of illumination was controlled by a diaphragm. In some experiments 
a flickering light was produced by chopping the light beam with a fan, the 
speed of which controlled the flicker rate. The fan blades were such that 
the “on ”’ and “‘ off”’ times of the flickering light were roughly equal. 

Activity was recorded from the surface of the cortex through silver- 
silver chloride electrodes. In some, but not all, experiments the dura be- 
neath the electrodes was removed. The potentials recorded from cortex 
and reticular formation were amplified by Grass Model P5 AC pre-amplifiers 
and recorded on magnetic tape by an Ampex Model FR-1107 recorder 
(7 channel, FM). The tape speed and preamplifier filters were set to give 
the system a pass-band from 1.5 c/s to 1250 c/s. A Grass Model IV EEG 
and Tektronix oscilloscopes were used to monitor activity during the exper-_ 
iments. 

The potentials recorded on tape were processed at the Research Labo- 
ratory of Electronics, Massachusetts Institute of Technology, by means of 
a digital average response computer (ARC-r). The details of operation and 
application of this computer are given elsewhere (8, 9). Briefly, the com- 
puter sums the waveforms of activity following a number of stimuli, thus 
giving as its output the sum or (with appropriate scale factor) the average 
of the waveforms of the evoked responses processed. 

The rate of stimulation was usually once every four seconds. In many 
experiments stimulation of medial geniculate body in one hemisphere was 
interleaved -with stimulation of lateral geniculate body or optic tract of 
the opposite hemisphere so that the stimuli alternated with a time of two 
seconds between stimulation of one side and the other. The average of 
responses from the appropriate cortical areas can then be computed sepa- 

rately and compared with assurance that the general condition of the pre- 
paration is the same for both sets of responses. The same technique was 
used when anterior and posterior locations in a lateral geniculate body 
were stimulated in alternation, with the two sets of evoked responses ave- 
taged separately. 


RESULTS 


1. Effects of steady illumination and of deafferentation on the 
evoked responses from lateral and medial geniculate stimulation. — In 
a set of experiments on the pretrigeminal preparation the lateral 
and the medial geniculate nuclei were stimulated with interleaved 
shocks 4/sec apart on each nucleus (see under Methods). The re- 


sponses were led from the corresponding points of cortical areas 
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Visual I and Auditory I giving maximum amplitude of evoked 
potentials. The stimulation intensity was usually set slightly above 
the level where our monitor scope first showed a clear response with 
the characteristic waveform and thus was always well suprathreshold. 
The analysis of the average of a suitable number of responses showed. 


DARK (ISCHEMIA 


~ RESPONSES 


ae 
eae 
Van 


. AVERAGE OF 
64 RESPONSES 


Fig. 1.— Stability 
of the average of re- 
sponses led from striate 
cortex after delivery of 
shocks to the corvespon- 
ding lateral geniculate 
body. 


Siar: Ol@eacn 
trace is synchronous 
with delivery ofa 
shock. In the experi- 
ments illustrated 
shock amplitude was 
5 V. The waveforms 


at the left were re-— 


corded during retinal 
conditions of dark 
adaptation; those on 


the right were recor-_ 
ded after application — 


of intraocular pres- 


sure. Monopolar re-— 


cords ; surface positive 
potentials are indi- 
cated by downwards — 
deflections. (Midpon- 

Be pretrigeminal 


ae hiy Sofi ‘yey 


RESPONSES TO LATERAL GENICULATE BODY SHOCKS 401 


by deafferentation, the enhancement by deafferentation was alwavs 
greater. } 
We have be able confirm C eK 

; Ve have been unable to confirm Chang’s observation as far as 
e auditory area responses to medial geniculate stimulation are 

concerned. Under strictly controlled conditions, since we were 

comparing sets of responses obtained from the same cat over the 

same period (by the interleaving of the stimuli), only the visual 
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Fig. 2. — Averages of cortical vesponses from shocks delivered to the 
lateral geniculate body and the medial geniculate body for different retinal 
conditions. _— 


Shock amplitudes were 5 V and 3 V, respectively. Averages of 64 re- 
sponses for retinal conditions of dark adaptation, and of 32 responses for 
ischemia are shown. The set of responses averaged during ischemia was 
recorded approximately starting 30 sec after application of intraocular 
pressure. (Midpontine pretrigeminal cat). 


area responses to lateral geniculate stimulation were enhanced. 
Fig. 2 illustrates the results when the enhancement of responses 
from the visual cortex was obtained by ischemia. The responses 
from the auditory area showed some degree of amplitude fluctuation 
but no significant changes in the averages of responses. There was 
also no average enhancement of auditory area responses during 
illumination which led to large enhancement of the visual area re- 
sponses so that once again the phenomena with deafferentation and 


illumination were similar. 
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Hoping to resolve the discrepancy between our results and 
Chang’s, the same procedure was followed in the barbiturate anes- 
thetized preparation. However, even for moderately deep N embutal 
anesthesia we were unable to observe any consistent change in size of 
the responses in the auditory area under steady illumination or visual 
deafferentation, although the enhancement of the responses led from 
the visual area was very marked in these experimental conditions. 


2. Characteristics of the averaged evoked responses in the visual 
aveas. — The waveform of the averaged response shows the well 


Fig. 3. — Illustration of the 
waveform of the average of evoked 
ves ponses. 


Average of 64 responses 
from, Visual Si contess coms une 
shocks delivered to the lateral — 
geniculate body. (Retinal con- 
ditions: dark adapted). The 
waveform shows the shock ar- 
tifact (s.a.), and waves 1 to 5_ 
in the evoked response num- — 
bered according to the usual 
scheme. Measures ‘‘a’’ to ‘‘d”’ 
represent an attempt to give 
a quantitative description of 
the principal features of the ~ 
waveform. Measure ‘“‘b”’ is 
between the positive peak of 
event 3 and a point midway 
between the inflection at the 
Rang = f : : start of event 3 and the nega- 

3 ee tive peak at the end of event 3. 
(Midpontine pretrigeminal cat). 
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will be the topic of another report where particular attention will 
be given to a statistical analysis of the events. 

Results, typical of the changes in the averaged waveforms are 
given in Table 1 which gives amplitudes of measures shown in Fig. 3 
for various retinal and stimulus conditions. In this experiment the 


responses were enhanced both by deafferentation of the visual 


[TABLE I. — Growth of measures of the averages of evoked responses during 
ischemia and for an increase 1n shock amplitude. 


Measures on average of 64 responses in all cases except for figures in 
the second row for which 32 responses were averaged. See Fig. 3 for illus- 
tration of the measures and Fig. 6 for an illustration of the averaged 
responses in these conditions. (Midpontine pretrigeminal cat). 


Se, ee Conc COMPONENT SIZE 1n LV 
| , ‘. AMPLITUDE 
| a b C d 
Dark adapted 5 Volts 180 108 21 269 
Ischemia 5 Volts 328 255 162 782 
Dark adapted 5 Volts 164 104 18 257 
Dark adapted ro Volts 344 230 234 II70 
Ischemia to Volts 521 416 625 2250 
| Dark adapted to Volts 364 242 281 1340 


pathways and by increasing the intensity of the stimulus. Note 
that for both methods of enhancement the relative increase of meas- 
ures b and c (corresponding to waves 3 and 4) is much larger than 
the increase in measure a (corresponding to wave 1). 

3. Dependence of enhancement upon location of stimulating elec- 
tyode within the lateral geniculate nucleus. — One might have spec- 
ulated that the effect of enhancement of cortical responses would 
not be a generalized phenomenon, but it was a rather surprising 
finding that the effect was strongly dependent on the location of 
the stimulating electrode within the lateral geniculate nucleus. This 
was a chance observation in previous experiments which was more 
systematically investigated in the present ones. 

The routine histological control of the electrode tracks showed 
that whenever the enhancement effects were strong the stimulating 
electrode was within the posterior three-fourths of the nucleus. The 
effects were almost absent or very weak when the anterior quarter 
was stimulated. After becoming aware of this, a posterior placement 
cof the stimulating electrode was always sought. 
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As a control, a number of experiments were performed with 
two electrodes, one in the anterior and the other in the posterior 
part of the nucleus. The stimuli were delivered in alternation, once 
every 4/sec at each electrode, with two sec between alternate stimuli. 
Recording was from one location in the visual cortex. The average 
of evoked responses shows clearly that the potentials evoked by 
stimulating with the posterior electrode were enhanced to a consid- 
erable degree, whereas the responses evoked with the anterior 
stimulation were slightly, or not, affected (see Fig. 4). The distance 


Fig. 4.— Illu- 
ANTERIOR POSTERIOR es lack of 


enhancement of ve- 

sponses from shocks 

he fe. 2. to the anterior lat- 

DARK of ii ———___ eral geniculate body 
while there 1s @ siz- 

able enhancement 


for. shocks to the 3 
postertor lateral —~ 


geniculate body. 
ISCHEMIA LOS Wee Each wave-— 
es form is the average 


of 64 responses. 
Shock amplitudes 


500 were 3 V, anterior; 
pV 4V, posterior. (Mi- - 

- ; dpontine pretrige- 

5 MSEC minal preparation). 


~ = 


from tip to sleeve of the concentric electrodes, a little more than . 
one-half a millimeter, did not permit us to discriminate whether 
the enhancement with posterior electrode placement was predomi-_ 
nant in any of the three layers of the geniculate nucleus. Sty 
/ Stimulation of the optic tract prior to the lateral geniculate 

‘oniclens; produced the enhancement effects under those same condi- 
tions in w which the pceres were obtained with or wulation of tl 
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The cortical responses evoked by electric shock stimulation of the 
lateral geniculate nucleus, obtained under conditions of different 
rates of flicker were then compared with those obtained in dark- 
adaptation. There were two constraints upon the physical stimulus. 
First, that the flicker frequency be the only variable parameter in 
order to avoid changes in response due to change in average intensity 
of illumination or to change in spectral content of the stimulus. 


FLICKER | | 
RATE a 
5MSEC 


l2:57SEC sae 

Fig. 5. — Evoked responses 

to lateral geniculate body shocks 
during retinal illumination by |8-5/ SEC : 
a diffuse flickering light. : 


Each record is an ave- 
rage of 64 responses. Control 
record during dark adapta- 24/SEC a <r 
tion. Shock amplitude was 
3 V. (Midpontine pretrigemi- 


ee). 29-5/SEC Sy 


41/SEC AD ee 

¥ WN 
: 55/SEC Saye a 
DARK Sy eee 


This was accomplished by mechanically interrupting the beam by 
the blades of a variable speed fan. The second constraint was to 
use stimulus parameters that would avoid as much as possible any 
occlusion of the responses at cortical level. For the rates of flicker 
of g/sec and higher, which were employed, the visual evoked response 
time-locked to the flickering light is small compared with the response 
to a weak or moderate shock to the lateral geniculate body. Ver 
an occlusion at cortical level caused by a more or less asynchronous 
bombardment of impulses evoked by the flickering light stimulus 
is still possible (see under Discussion). 

Results are illustrated in Fig. 5 and Table I, which gives the 
size of various measures of the averages of responses (see Fig. 3) 


adaptation. 3 3 


_ of flicker (55/sec), to obtain an appreciable enlargement of the evoked | 
responses above the control level obtained with the dark-adapted 
duc 
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with the dark-adapted retina and with a number of flicker rates. 
It is evident that at a flicker rate of 12.5/sec all components of the 
averaged evoked responses are smaller than those obtained during 
dark-adaptation. A progressive enlargement of all components was 


TABLE 2. — Measures of waveforms of averaged shock-evoked responses 
obtained under retinal conditions of illumination by a flickering light and 
with dark adapted retinas. 


In each case 64 responses were averaged. See Figs. 3 and 5. (Midpontine 
pretrigeminal cat). 


COMPONENT SIZE in pv 
‘ RETINAL CONDITION 

a ) Cc d 
Flicker 12.5/sec go 31 58 235 
Flicker 18.5/sec 110 45 Ee: 250 
Flicker 24/sec 175 98 mere) 478 
Flicker 29.5/sec 270 170 320 730 
Flicker 41/sec 300 240 540 E180 
Flicker 55/sec 320 300 640 T410 
Dark adapted 205 II5 220 | 540 


obtained by progressively increasing the flicker rate until a maximum 
enhancement, of about the same size as that produced by steady 
light, was obtained at flicker rates around 50-55/sec. For the flicker 
rate of 24/sec the average of the shock-evoked responses resembles 
closely in amplitude and waveform that obtained during dark- 


In a number of preparations which seemed in cence phys- | 
iological conditions and in which histological control indicated a 
completely successful section of the brain stem—and a favorable 
electrode placement, we were unable, even with the highest rates. 


retina. In these same preparations we were also unable to 1 
any Chang effect with | steady light. However, the low rate 
(g/sec) reduced the size e of the average of the evoked respons 
the level obtained in the control Sg nse r ti 
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the flickering light was used. In experiments in which the shock 
evoked responses were obtained during illumination and during 
ischemia, it was sometimes found that little or no enhancement was 
produced when the illumination was attempted first. Ocular ischemia 
led to a great enhancement; after releasing the ischemia we waited 
until the responses returned to control (dark-adapted retinas) size 
and again recorded responses during illumination. This illumination 
after ischemia produced considerable enhancement of the responses. 
The possibility of enhancing the evoked responses with retinal ilu- 
mination did not disappear in the further course of the experiment. 

When the Chang effect is studied in anesthetized cats, level of 
anesthesia may affect the degree of enhancement obtainable. In 
one experiment we were unable to produce the Chang effect in a 
lightly anesthetized cat; however, following an increase in the ane- 
sthetic dose a strong enhancement was obtained. 


6. Some factors affecting the enhancement of shock-evoked responses. 
— The degree of enhancement of evoked responses in the visual 


5 V. STIMULUS 10. V. STIMULUS 


DARK 
AN jo aan 

ISCHEMIA aie 

DARK i 


2 
MV 


5 MSEC 


Fig. 6. — Enhancement of cortical responses to shocks delivered to the 
- lateral geniculate body for two shock amplitudes. 


iddle left-hand 

Average of 64 responses for all records except for the ml : 
Poin, footie eee of 32 responses 1s shown. Note difference 
in amplitude calibration for the two columns. (Midpontine pretrigeminal cat). 
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area is influenced by a number of factors, including: 1) location of 
stimulating electrodes within the lateral geniculate body (this result 
has been described in section 3); 11) retinal conditions, if we assume 
that the effects discussed in section 5 result from changes in the 
state of the retina; iii) the size of the stimulating pulses, since enhan- 
cement produced by illumination or ischemia was relatively greater 
when the responses were obtained with weak shocks producing near 
threshold control (dark-adapted retinas) responses (see Fig. 6). 


DISCUSSION 


1. Absence of enhancement of cortical responses to shocks to medial 
geniculate nucleus. — We were unable to reproduce the enhancement 
of responses in the auditory area evoked by single shocks to the 
medial geniculate nucleus reported by Chang (7). In our experi- 
ments the average amplitude of responses from the auditory cortex 
remained constant while at the same time and in the same cat the 
cortical responses to single shocks to the lateral geniculate nucleus 
were strongly enhanced. This result was unexpected since, as has 
been described (2), the paths of facilitation are presumably not 
limited to the visual pathways. Moreover, since, under suitable 
conditions, widespread EEG changes follow retinal illumination or 
deafferentation (1, 3) the appearance of the enhancement effect 
outside the visual system would not have been surprising. 

The averaging method we have employed excludes errors arising 
from measures of individual responses with widely varying amplitudes. 
We must conclude that Chang’s observation of enhancement of the 
shock-evoked responses in the auditory pathways was related to 
factors more>critical than those leading to the enhancement effects 
in the visual pathways. 

2. Differential effects depending on location of stimulating electrode 
within the lateral geniculate nucleus. — The enhancement effects we 
observed were not only limited to the visual pathways but were 
also limited to responses elicited from the posterior three-fourths 
of the lateral geniculate nucleus. If this limitation held only for the 
enhancement effects following steady retinal illumination, the phe- 
nomenon could be ascribed to differential illumination of retinal 
areas. However, the influence of location of the stimulating electrode 
was most pronounced for enhancement during retinal deafferentation. 


ap 
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We must conclude that there is a particular arrangement of afferent 
fibers bringing the tonic dark discharge to the lateral geniculate 
nucleus. 

The dimensions of our stimulating electrode did not permit 
localization within the three layers of the nucleus, other than the 
observation that the anterior placement was in that portion of the 
nucleus composed of the dorsal layer only (layer A in the anatomical 
terminology, see: 12). An accurate exploration of the three layers 
with electrodes having higher localizing power would be necessary 
and desirable to further elucidate the relationship of the physiological 
events to the anatomical structure. 

3. Experiments with flickering light. — Two interpretations of 
the enhancement effect during retinal illumination have been advan- 
ced: 1) that the activation of retinal units brought about by steady 
illumination lowers the threshold of the postsynaptic neurons of 
the lateral geniculate body (7); and 2) that the enhancement of 
evoked responses is due to reduction or suppression of the afferent 
tonic activity (the dark discharge) originating in the retina (Z)e 
The second hypothesis was advanced when it was found that retinal 


deafferentation by ischemia produced enhancement effects similar to 


those obtained during retinal illumination. Our experiments with 
illumination by flickering rather than steady light serve to further 
test these two hypotheses. 

At high rates of flickering (above about 50/sec) the retinal 
elements are quite insensitive to the modulation of the stimulus 
and results-are completely the same as obtained under conditions 
of steady retinal illumination. At the lowest rates we have used 
(about 10/sec) it is reasonable to assume that some retinal elements 
discharge to each “‘on”’ of the light and some discharge to each 
‘off’? (see 10, 1x). As the flicker rate is increased progressively 
the retinal activity will become less synchronized with the modu- 
lation of the stimulus, until finally there will only remain the asyn- 
chronous activity of those elements which respond to a steady light. 
Experimental evidence from microelectrode studies of the retina 
indicates a higher impulse traffic in the optic nerve and tract at 
our low flicker rates than at our high flicker rates. Thus the first 
hypothesis above predicts an increase of shock-evoked responses 
with decreasing flicker rate and the second hypothesis predicts the 
opposite. Our results are entirely compatible with the second hypoth- 
esis. As flicker rate is progressively decreased the shock-evoked 
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responses decrease progressively until at low rates the responses are 
smaller than those obtained with the dark adapted retina. 

Thus, we conclude that the amplitude of cortical responses to 
shocks delivered to the lateral geniculate body is inversely related 
to the impulse traffic in the optic pathways. The hypothesis may be 
advanced that the enhancement of the cortical responses following 
i) steady illumination; ii) high rate repetitive photic stimulation 
and iii) retinal ischemia are related to a single cause, vzz. reduction 
or abolition of the retinal dark discharge. The depressing effect of 
the dark discharge on the responses to geniculate shocks might by due 
either to true inhibition or to an occlusion effect. The experiments 
of Sdderberg and Arden (14) showing an increase of the spontaneous 
single unit discharge of the lateral geniculate neurons, during visual 
deafferentation, would seem to support the inhibitory hypothesis. 

4. Difficulties in obtaining the enhancement effects during retinal 
illumination. — When the enhancement effect is obtained in the 
same preparation with retinal deafferentation and with illumination, 
all other experimental variables being constant, the enhancement 
is always greater with deafferentation. This finding may be easily 
explained by the fact that some retinal elements are active during 
steady illumination, although the traffic seems to be decreased with 
respect to the dark adapted animals (13, 11). As stated in section 5, 
on some occasions, no enhancement could be obtained upon illu- 
mination, although the effect of retinal ischemia was clear-cut. If 
the intraocular pressure was then brought to normal levels after 
a short time, the cortical responses returned to control size; a strong 
enhancement effect was then obtained with the same illumination 
that failed to produce any upon first presentation. It is likely that 
the retinal population whose tonic discharge is decreased by steady 
illumination represents only a fraction of the population which is 
tonically active in complete darkness and which is inactivated by 
the ischemia. Following temporary retinal black-out, the fringe of 
units affected by steady light may be increased. Another differential 
effect was observed in a cat which gave no enhancement with retinal 
illumination when it was lightly anesthetized; such an effect, however, 
clearly appeared following a further dose of nembutal. 

5. Locus of the enhancement effect. — Our findings reinforce 
the hypothesis that enhancement of the shock-evoked responses : 
during retinal deafferentation and illumination results from a re- 
lease from a depressant effect set up by the dark discharge. The 
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question of whether this depressant effect 1s operant only in the 
geniculate nucleus or whether it directly affects the cortex as well 
is most relevant. 

The different components in the shock-evoked response have 
been related to discharges of the radiation fibers (wave 1) and to 
intracortical events (waves 3, 4 and 5) (cf. 4, 6, 15), so that a detailed 
study of the statistics of components of the evoked response wave- 
form, along with more direct studies of neural activity in the visual 
pathways may lead to further understanding of the locus and 
mechanisms of the effects. Such studies are under way and will 
be reported separately. 


SUMMARY 


Our experimental results may be summarized as follows: 

1) Retinal conditions (deafferentation and illumination) which 
produce an enhancement of the responses led from the visual cortex 
following single shocks applied to the lateral genicule body, do not 
significantly increase the responses of the auditory cortex to a medial 
geniculate volley. Thus, these effects are less generalized than the 
changes of EEG patterns which follow retinal deafferentation in 
the midpontine pretrigeminal preparation. 

2) Even within the visual system, no enhancement is observed 
when the stimulating electrode is in the anterior quarter of the 
lateral geniculate nucleus. 

3) If flickering light is used, at high rates of flicker (above 
50/sec) results are the same as with steady illumination. As the 
flicker rate is decreased the amplitude of the shock evoked responses 
decreases until, at low rates of flicker, the responses are smaller 
than those obtained with the retinas dark-adapted. 

These findings support the hypothesis that enhancement effects 
obtained during steady retinal illumination or deafferentation result 
from a decrease in the neural traffic in the optic tracts. In control 
conditions (dark-adapted retinas) this neural traffic originates in the 
retinal dark discharge. A reduction or the complete temporary 
abolition of the retinal dark discharge may increase the shock evoked 
cortical response i) by releasing the geniculo-cortical system from a 
tonic inhibitory influence exerted by the dark discharge or ii) by 
reducing or abolishing the occlusion phenomena produced by the 


tonic activity. 
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INTRODUCTION 


It is known that digitalis glycosides modify the mechanical 
activity of the heart increasing its contractile energy. The mechanism 
of action of these drugs is not yet clear. They might increase the 
capacity of the contractile proteins to convert the chemical energy 
at their disposal into mechanical work (6). This phenomenon could 
take place as a result of an action on the proteins carried out directly 
or indirectly through a modification of the endocellular ionic ambient. 
In fact, it has been ascertained that the glycosides lead to a net 
loss of potassium (6). Furthermore, as Stutz and his colleagues 
showed, digitalis does not effect the tension of glyceric extracts of 
myocardium, in which there is no membrane activity, and this leads 
one to think that the action of these compounds depend, at least 
in part, on possible variations of such an activity (24). 

The mechanism of action of these drugs on the heart then, 
may be referred to the problem of the relationship between mechan- 
ical activity, on the one hand, and ion content and transfer on the 

other. It is not yet clear whether, and how these phenomena are 
‘connected. A methodic analysis of the changes caused by the digitalis 
glucosides on this aspect of the cardiac activity would be very in- 
_ teresting. 
(413) 
31. 
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It has been shown that in the blood and in the tissues there 
are substances which are able to effect the heart in a manner similar 
to the digitalis glycosides (19, 18, 3, 7). The active part of such 
substances seems to be identified with an a-(f-palmitoil)-lysolici- 
thin (8). The similarity of the cardiac action of these substances 
and of strophantin has been reconfirmed by mean of an a-(f-palmi- 
toil)-lysolecithin obtained from the egg lecithin through enzymatic 
hydrolysis by Russel snake venom and then purified (20). This 
substance has a strong haemolitic action and presumably a per- 
meabilizing effect on the cells, as well as on the erythrocytes. It 
was interesting to study the above mentioned problem on the isolated, 
beating heart of rana esculenta, both with strophantin G and with 
the a-(f-palmitoil)-lysolecithin*. First, the effect of these two 
substances has been analysed on the mechanogram and on the rate 
of outflow of Rb** in hearts previously equilibrated with Ringer 
solution in which part of the potassium had been substituted with 
this ion. Secondly, the effect of the two substances has been studied 
on mechanogram and on the potassium content of hearts perfused 
for different periods with normal Ringer and with Ringer containing 
the substances under examination. 


METHODS 


The equipment we used in our experiments is shown in the diagram 
of Fig. 1. 

The heart was prepared according to Straub’s classic technique, using 
a cannula fitted with a lateral tube. A glass capillary tube, connected by 
a rubber junction to,a reservois containing the perfusion fluid, was intro- 
duced into the cannula. A glass cylinder with an-open bottom was adapted _ 
to the lower part of the cannula and provided with a lateral tube: this was | 
connected to an oxygen cylinder through a humidifier so that the surface 
of the heart was placed in a saturated water vapour ambient. The cardiac 
contraction was recorded mechanically on an electrokymograph. The per- 
fusion fluid was a Ringer solution containing NaCl 6.5 g %o, KCl 0,15 g ANS 
CaCl, 0.25 g %o, NaHCO; 0.20 g %o, glucosé-1 g %o. 

Before the commencement of the experiment, the hearts were subjected 
to a preliminary perfusion for 60 min. Previous research had proved that, _ 
after mounting the preparation, the endocardiac potassium content initially ~ 
decreased, reaching it lowest concentration after 20 min. Then the potas- 
sium level returned to values near to those of non-perfused hearts; this f 


increase seems complete about 60 min after the commencement of the 
perfusion (Fig. 2) (16). 
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Fig. 1. - Equi- 
pment used in the 
experiments. 
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electrokymograph. 
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RESULTS 


1. Experiments on the modifications of the mechanical activity and 
of the kinetics of the Rb*° outflow. — The experiments were carried 
out in the following way. After the preliminary equilibration, the 
hearts were perfused for a period of 40 min, with Ringer solution 
in which part of the potassium had been substituted with an isomolar 
amount of radioactive rubidium (Rb** received from the Radiochem- 
ical Centre, Amersham, England, as RbCl). Previous experiments had 
in fact shown that the endocardiac radioactivity reached a steady 
value within a period of 30-40 min. At the end of this period the 
perfusion fluid was substituted with rubidium-free solution which 
was passed through the cannula at a constant speed of 8 ml/min. 
This speed was selected mainly in order to prevent the possible delay 
in washing out the marked ion released from the heart and its con- 
sequent accumulation in the cannula. Tests carried out in advance 
with increasing rate of flow had shown that, in relation to the ca- 
pacity of our cannula, rates of flow above 2 or 3 ml/min did not 
increase any further the rate of the Rb* outflow. 

At fixed intervals, samples of perfusions were collected from 
the cannula inte marked test tubes. The first samples, coincident 
with a period when the rate of the Rb* outflow is very high, were 
taken every 15 sec, the subsequent ones, every 1 min. The volume 
of the samples was brought up to ro ml and then the radioactivity 
of these was measured by means of a Geiger counter type M 6 XXth 
Century Electronics and Scaler DC 331 R made by-Selo. The radio- 
activity measured for each sample corresponds to the amount of 
ion released from the heart into the solution throughout the collection 
of the sample and is expressed as a number of counts per minute. 

The experiments have been carried out on three different groups, 
each of 5 hearts. In the first group the wash-out was done entirely 
with normal Ringer in order to test the kinetics of the Rb** outflow 
in pharmacologically untreated hearts; in the second and _ third 
groups, after 30 min of wash-out, the normal Ringer solution was 
substituted with a Ringer solution containing strophantin-G 2 y/ml 


and, a-(f-palmitoil)-lysolecithin ro y/ml repectively. In each case . 


the whole wash-out was maintained as long as 70-90 min; the me- 
chanical activity of the heart was recorded for 30 sec in coincidence 
with each collection of samples. The experiments were carried out 
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in the months of february and march with a room temperature of 


20° + 29°C, 


The results? are illustrated in Figs. 3 and 4 which refer to the 


effects of strophantin-G and a-(f-palmitoil)-lysolecithin respectively 


Fig. 3. — Effects of stro- 
phantin G on the mechanical 
activity and on the Rb86 
out flux: 


Top: cardiogram. 
Bottom: curve showing the 
kinetics of the Rb* outflux. 
Ord.: radioactivity of the 
wash-out solution in counts 
per minute (cpm) 10~®. Abs: 
time in min. The figures on 
the cardiogram and those on 
the points of the outflow 
curve show the time corre- 
spondence of recording me- 
chanical activity and sam- 
pling the wash-out solution. 
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and show the mechanogram and the curve of the Rb*® outflow. 
On the ordinate, on logarithmic scale, the radioactivity of the wash- 
out is plotted in counts per minute 10°; on the abscissa the time 
in minutes. The broken line represents the kinetics of the Rb* 
outflow from the untreated hearts. Equal figures on the mechano- 
grams and on the single points of the outflow curve, respectively, 


t Preliminary note in 


(2). 
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show the correspondence of time between the recording of the me- 
chanical activity and collection of the wash-out sample. 

From the diagrams, it appears that both drugs induce on the 
mechanical activity of the heart, a positive inotropic and tonotropic 


Tt ul 


0 10 20 30 40 50 60 70 80 90 min 


Fig. 4. — Effects of 
a-(B - palmitoyl) - lysoleci- 
thin onthe mechanical ac- 
tivity and on the Rb8&6 
outflux. 


Top: Cardiogram. 
Bottom: curve showing 
the kinetics of the Rb* 
outflux. Ord.: radioac- 
tivity of the wash-out 
solution in cpm Io~%. 
Abs: time in min. The 
figures on the cardiogram 
and those on the points 
of the outflow curve show 
the time correspondence 
of recording mechanical 
activity andsampling the 
wash-out solution. 


and a negative chronotropic effect which tends to become successively 
a contracture; simultaneously they cause a temporary increase in 
the rate of the outflow of Rb** which occurs at the commencement 
of the cardiotonic effect and is stronger with the lysolecithin than 


with the strophantin G. 
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2. Experiments on the modifications of the mechanical activity 
and on the endocardiac content of potassium. — The experiments 
were carried out in the following way. After the preliminary equili- 
bration, the perfusion was started with normal Ringer solution or 
with Ringer solution containing strophantin-G 2 y/ml or a-(f-palmi- 
toil)-lysolecithin 10 y/ml. For each type of perfusion four groups, 
each of 4 hearts were used. These were subjected to periods of 
perfusion of 5, 10, 20 and 40 min respectively. In each experiment, 
the mechanogram was recorded for 30 sec during each minute of 
perfusion. At the end of the experiments, the hearts were weighed 
and then kept at 120° C for 12 hours. Thereafter they were treated 
with nitric acid and the potassium content of the resultant solution 
was measured by a Beckman DU sprectrophotometer. In addition, 
the intracardiac content of potassium was measured in excised, 
non-perfused hearts. All these experiments were carried out in the 
months of june and july at the temperature of 20° + 2°C, which 
was kept constant by thermostating the perfusion fluid. 

The results relative to the intracardiac content of potassium 
(described in a preliminary note, 14) are reported in the table and 


plotted in Fig. 5 as average values of the various groups of examined | 


hearts. K-+ content of the non perfused hearts: 68,79 + 2,56. 
K+ content of the perfused hearts: 


5 min |) Touma 20 min 40 min 
TRC ee cee i OL, 77, +3,06 | 65,8 +2,44 | 64,19 42,23 63,57 £2,02 
Ringer + 
Strophantin-G. | 63,15 41,81 |-63,23 +6,48 | 63,93 +6,91 48,17 +3,1 
Ringer + , 
Lysolecithin. . | 62,20 42,61 | 63,65+1,47 | 63,18 +6,8r | 51,30 £1,38 


Both in the table and in the graph, the potassium content is 
expressed in mEq/kg of fresh tissue and the variability is expressed 
as a standard error. 

From the results, it first appears that in the controls perfused 
with normal Ringer solution, the content of potassium remains 
constant at least throughout the period ot examination. It is lower 
than that of the nonperfused hearts with an average of°8°% and 
this value is within the limits of the net loss of potassium which 
one observes in isolated structures. Furthermore, the potassium 
content of the hearts perfused with Ringer solution containing the 
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drugs under examination and that of the hearts perfused with normal 
Ringer solution remains identical up to 20 min of perfusion. How- 
ever, after 40 min of perfusion, the potassium content of the hearts 
perfused either with strophantin G or Lysolecithin Ringer solution 
shows a considerable and statistically significant decrease with 
respect to that of the hearts perfused with normal Ringer (p < 0,01); 


Fig. 5. — Be- 
haviour of endocar- 
mea /Ks diac K+ in hearts 
which were first per- 
AU ] tt fused with normal 
] Ringer for 60 min 
+ ] - and then respecti- 
a 
f 


L] o. Su vely with normal 
1 ! <S | Ringer (controls), 
| | BS stvophantin G Rin- 


| AQ ger (2 y/ml) and a- 


| ; Me (B-palmitoyl) - lyso- 
| ae lecithin Ringer (ro 
| ae : y/ml) for 5-10-20 


60 


and 40 min. 


The diagram 

shows the average 

values obtained 

from groups of 4 

40/- oem strophantin G= 6 hearts and their 

lL. Ringer +&-lysolecithin = 9 standard error. 

; ; nf | Ord.: endocardiac 

0 10 20 30 40 K* in mEq/Kg of 

fresh tissue Abs.: 
time in min. 


it appears therefore that the net loss of potassium begins only after 
20 min from the commencement of the perfusion. 

From the analysis of the mechanogram recorded in this series 
of experiments, the cardiotonic effect appears particularly evident 
in the initial period when no net transfer seems to occur. The net 
transfer seems, instead, to coincide with a subsequent phase when 
the mechanogram shows a tendency of the herats to enter a state 
of contracture, as seen in the previous series of exp. of the Figs. 3 


and 4. 
DISCUSSION 


Our results show that strophantin G as well as a-(B-palmitoil)- 
lysolecithin cause qualitatively similar effects on the potassium 
transfer and on the mechanical activity of the isolated, beating 
heart of rana esculenta. They increase temporarily the outflux of 
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Rb*; this effect is particularly intense with the lysolecithin. Assum- 
ing, on the base of the chemical and physical analogy of the potassium 
and rubidium ions, that the behaviour of rubidium is similar to 
that of potassium, one may think that the increase seen in the 
outflux of Rb** applies also to potassium. 

From this fact alone, however, it would be difficult to state 
that such an increase is really due to an increased exchangeability 
of potassium. To make sure of this, one has to know whether 
the increase of the outflux rate corresponds to the same increase in 
the influx rate; if this i$ not the case, then our observation would 
correspond simply to a net loss potassium. 

From the Figs. 3 and 4 one can see that the increase of the Rb 
outflux rate is very definite from the first minute after the addition 
of the drugs. However from Fig. 5 one can see that the net loss 
of potassium is a relatively late phenomenon which begins 20 min 
after the addition ot the drugs. Therefore, in the first phase, when 
it is very definite, the increase of rate of the potassium outflux 
should be associated with a similar increase of rate of the influx. 
This enables one to suggest that, at least initially, the two drugs 
may cause a real increase of the cell exchangeability to potassium. 

This increase of exchangeability might depend,in turn, on the 
reduction of the passive resistance of the membrane to potassium 
or on the mobilization of possible fractions of this ion provided 
with a lesser exchangeability with the outside. It seems that inside 
the cardiac cells there are two or more fractions of potassium which 
have different locations or different physico-chemical characteristic 
and are able to exchange with the external potassium at different 
rates (13, 15, 23). In this respect, our present results do not give 
any information; they only enable us to state surely that the two 
drugs under examination modify, at least initially, the cell exchan- 
geability in the sense of increasing the rate of the potassium 
exchange between cell and ambient; this presumably occurs to the 
same extent in the two directions. 

It has also been seen that the intracardiac content of potassium, 
in hearts treated for 40 min with the drugs under examination, is 
about 22%, less than in the controls. It is well known that a strict 
relationship exists between the sodium and potassium content in a 
wide variety of cell types, so that when the concentration of the 
first increases that of the other decreases and vice versa: the normal 
concentration of these two electrolytes in the cell is apparently 
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determined by the efficiency. of the active mechanism of Na-ion 
expulsion which may be linked to a partial or total exchange of 
potassium ions (cationic pump). The digitalis glycosides are able 
to inhibit the cation pump in a variety of substrates, such as ery- 
throcytes (21, 22, II, 4, 5, 10), heart (6), skeletal muscles (9), frog 
skin (12, 1)j renal tubes -(25): 

The net loss of potassium caused on frog heart by both the 
drugs under examination could be the result of such an inhibition. 
However in a recent research carried out on frog skin (17), we were 
able to see that, while strophantin G inhibits the active transfer 
of the sodium ions, as already shown (12, 1), lysolecithin leaves it 
almost unchanged, except for an initial temporary increase. We 
would, then, prefer to think that the late loss of potassium seen in 
the heart treated with lysolecithin has a different mechanism from 
that due ot the strophantin G. 

Considering now the relationship between mechanical activity 
and ionic exchange, one can see that the cardiotonic effect of the 
two drugs is evident particularly in the period when the potassium 
exchangeability increases but without an apparent net tranfer. In 
the subsequent period, when the net loss of potassium appears, the 
mechanogram reveals, instead, the tendency of the heart to enter 
a state of contracture. The inotropic effect of the two drugs, therefore, 
does not seem related to the intracardiac content of potassium. In- 
stead, the secondary contracture is apparently related to the net loss 
of potassium but it isimpossible to say whether the contracture is the 
result or the cause of the alteration of the intracellular ionic content. 

In conclusion, the drugs under examination increase the con- 
tractile energy of the myocardium presumably through a mechanism 
completely independent from any alteration of the intracellular ionic 
content. 

The contemporaneity of the cardiotonic effect and of the in- 
creased cell exchangeability to potassium might lead one to think 
that the modification of the mechanical activity is, related to this last 


phenomenon although it does not clarify the exact mechanism of action 
of the two drugs. 


SUMMARY 


Ie 


The results obtained from experiments on the isolated, beating -* 


heart of Rana Esculenta, at the same time, the effect produced by 
strophantin G and by a a-(8-palmitoil)-lysolecithin on_the mechanical 
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activity, on the cell exchangeability and on the intracardiac content 
of potassium lead to the following conclusions: 

The two drugs cause mechanical effects on the heart which 
are rather similar. The mechanical effect due to the two drugs, at 
the dosage we have used, includes two phases. The first, lasting 
10-30 min, consists of an increase of the contractile energy; the 
second, subsequent to the first, consists of a state of reduction of 
activity which leads to systolization, of the heart and to an accen- 
tuation of the negative chronotropic effect. The first phase is assoc- 
iated to an increased cell exchangeability to potassium; the second 
is coincident with the appearance of the net loss of this ion. 
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I. THE OLFACTORY PATHWAYS 
AND CORTICAL AREAS IN THE TURTLE’ 
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INTRODUCTION 


“From the dawn of interest in the minute structure of the 
human brain, it was recognized that the simpler brains of lower 
vertebrates present the fundamental features of the human brain 
without the numberless complications which obscure these funda- 
mentals in higher animals. ’’ (16, p. 4). 

With this sentence, Herrick explains the scope of his investi- 
gation of the brain of the Tiger Salamander, which started in 1910 
and continued with no interruption for the following 40 years. The 
results of this analysis are collected in his books: The Brain of the 
Tiger Salamander and The Evolution of Human Nature (16, 17). 
In both books, the author emphasizes the need for integrating the 
morphological analysis with functional investigations of brains of 
lower vertebrates. He expresses the hope that “when the facts 
about the sequence of the evolution of cortical structure and function 
are colligated with experimental studies of behavioral capacities of 
the animal in question, we shall have a secure foundation upon 
which to build a sound comparative psychology, and this, in turn, will 
clarify much that is now obscure in human experience ”’ (16, p. 104). 

An extensive literature on brain structures from lower to higher 
vertebrates is presented in the classic books by Cajal (7), Kappers (23), 
Kappers, Huber and Crosby (22), Herrick (14, 16, 17), Papez (26), 


1 This work has been supported by a grant from the Public Health 
Service, Number B-1602. ; 
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Johnston (18), and Beccari (5). They are written from a comparative 
neurological and evolutionary viewpoint, but none of them makes 
use of the electrophysiological analysis of these structures. On the 
other hand, in the few instances in which this technique was applied 
to submammalian forms, the comparative aspect of the problem 
was neglected. 

The only investigations on turtles to be mentioned in this 
connection are the ones by Johnston (20) and by Tuge and Yazaki (29) 
and the more recent ones by Bremer, Dow, and Moruzzi (6). John- 
ston, using the technique of electrical stimulation, concluded that 
motor activity can be evoked from discrete areas of the cerebral 
cortex. Bremer, Dow, and Moruzzi, using more precise techniques, 
came instead to the conclusion that the activity was due to spreading 
of the stimulus to lower centers. They also analyzed the spontaneous 
activity of the cerebral cortex in turtles. Other authors investigated 
the motor activity evoked by stimulation of the cortex in alligators (3) 
and in the lizard (29). = 

One of the most controversial arguments in comparative neu- 
rology concerns the use of the term, “ cortex ’’, to define the orga- 
nization of the dorsal pallium. If the term is to be applied only 
to a pallium organized in distinct cellular layers, then it would not 
apply to forms lower than the reptiles (16). If, instead, the term 
should be extended to include a pallium which receives thalamic 
radiations, then one should agree with Johnston that selachians 
already have a very primitive cortex (21). 

This problem could be settled only by integrating the morpho- 
logical criteria with functional analysis of the cerebral pallium. In 
the present investigation, we selected reptiles, and among reptiles, 
turtles, since they are considered the most generalized living reptiles, 
at least as far as brain structures are concerned (14). These forms 
possess, according to Herrick, the most primitive type of cerebral ~~ 
cortex. However, Johnston considers the cortex of reptiles as already 
fairly advanced in evolution. ‘‘ The neopallium in reptiles is by no 
means in a primordial stage ’’, he writes, “ but has already a broad 
extent with localization of function’’ (21, p. 184). Our functional 
analysis is in agreement with this statement. As will be shown in 
the discussion of the first paper; evidence was found that the ce- 
rebral cortex in the turtle already has a well-defined topographic 
organization. 

Besides presenting a favorable material in which to investigate 
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this phylogenetical problem, the cerebral cortex of the turtle offesr 
another advantage. The almost schematic geometrical organization of 
fibre tracts and of their synaptic endings on dendrites and on cell 
bodies in this cerebral cortex offers ideal material for the study of some 
problems of general electrophysiology in the central nervous system. 

The results to be presented in the following papers represent 
the first part of the research program now in progress. Throughout 
all the investigation, an attempt was made to integrate the morpho- 
logical and the electrophysiological methods, using the latter also 
as a tool to trace fibre tracts and to check the morphological data. 

The first paper deals with the structural organization of the 
turtle’s olfactory bulb and cerebral cortex. In the following paper, 
we report on the characteristics of the response of nerve cells in 
the olfactory bulb to olfactory nerve stimulation. The third paper 
is devoted to the analysis of the functional interrelation of the two 
olfactory bulbs and of the cerebral cortex of the two hemispheres. 
In the fourth paper, a preliminary analysis of the electrophysiological 
organization of the cerebral cortex is presented. 

In this paper a brief outline of the morphological organization 
of the olfactory bulbs of the cortex and of the main fibre tracts 
connecting the olfactory bulbs with the homolateral and contralateral 
cerebral hemispheres will be presented. It is necessary to emphasize 
that no attempt was made to cover all the aspects of the organization 
of the olfactory bulbs and of the cerebral cortex; only those structures 
will be described which are pertinent to the electrophysiological 
analysis to be presented in the following papers. 

Extensive literature is available on the reptilian brain. Here, 
only the important contributions by Herrick (13), Ramon (27, 28), 
Johnston (19), Crosby (8), and Gamble (x0) will be mentioned. A re- 
cent review on this topic by Goldby and Gamble gathered the infor- 
mation scattered in different journals in a comprehensive ar ticle(12): 

While these papers cover the main features of the cerebral 
hemispheres in reptiles, other investigations were devoted to the 
analysis of the olfactory system from a comparative point of view. 
An extensive study by Crosby and Humphrey (9) considered the 
evolutionary aspect of the olfactory bulbs. In 1953 Allison wrote 
a very valuable review of the olfactory system in all vertebrates (2M 
We integrated the available information with observations on our 
own material. Furthermore, as already mentioned, we made use 
of the electrophysiological technique with the aim of tracing fibre 
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tracts. The characteristics of the electrical activity and the func- | 
tional interaction of different components of the olfactory system 
and of the cerebral cortex are not considered in this paper. 


METHODS 


The animal used in this and in the following investigations was the 
turtle (pseudemis scripta elegans) 25 to 30 cm long. Early in the project 
ether was administered before beginning operations, but since there was 
no sign of an anesthetic effect, its use was discontinued. The olfactory 
nerves, the olfactory bulbs, and the cerebral hemispheres were exposed 
homo- or bilaterally by opening the skull with a dental drill. Coagulating 
cotton (oxycel) was used to stop small hemorrhages, and a high frequency 
coagulator was used for large vessels. In turtles a rather thick vascularized 
membrane covers the brain: it is possibly the homologue of the mammalian 
dura. The removal of this membrane leaves a very thin nonvascularized 
membrane, possibly the homologue of the mammalian arachnoid which 
extends also on the surface of the olfactory nerves. It was carefully torn 
apart with fine forceps. The space between this and the surface of the 
brain is filled with the cerebrospinal fluid. Care was used not to damage 
the large midline blood vessels, since even minor injuries would result in 
impairment of the circulation of the hemispheres. In a first group of expe- 
riments, the immobilization of the head was accomplished by total extir- 
pation of the powerful head and neck muscles and of the soft tissues sur- 
rounding them. The brain remained connected with the body only through : 
the blood vessels and the spinal cord which was kept intact. This very 
laborious and time-consuming procedure was replaced in a second larger 
group of experiments by light curarization. The curare (flaxedil) was 
administered in the jugular vein through a permanent plastic cannule inserted 
in the caudal stump of the blood vessel. The dose necessary for immobi- 
lization was 0.5 ml of flaxedil diluted 1:10. During the recording period, 
small amounts of this solution were injected to keep the animal under light 
curarization. After cannulation of the jugular vein, the trachea was sectioned 
and two plastic tubes were inserted all the way to the lungs. Oxygen and 
CO, (95-5%) were insufflated continuously into the lungs. The recording 
was done with teflon-insulated stainless steel wire electrodes. When mono- 
polar recording was used, the surface recording electrode was a 40 « wire; 
when bipolar recording was used,-the deep lead was a_20 mw wire ground 
to a very sharp tip. The same 20 w wire was used for fractional recordings 
or deep monopolar recording. The stimulating electrodes consisted of two 
or three 20 w wires cemented together and ground to a sharp tip (the third 
lead was connected to a shock balancing circuit). 

The recording electrodes were connected through very short leads to 
a cathode follower-type probe, and the activity amplified conventionally  ~ 
through a Grass condenser coupled preamplifier (pushpull input half wave 
amplitude 0.1 cycle for low frequencies and 30 kilocycles for high frequencies) 
and displayed on a Tektronix Model 502 oscilloscope. In some experiments, 
the brain was kept under a pool of mineral oil maintained at a constant 
level by automatic dropping. In other experiments, we used a pool of 
oxygenated Ringer-glucose through the same dropping procedure. Since 
this second technique favored a longer survival of the preparation, it was S 
then used in most of the experiments. The localization of the deep electrode 
was identified by an electrolytic iron deposit and subsequent stain with the 
ferrocyanide technique. 

The histological analysis of the olfactory and of the cerebral cortical 
structures was performed on a large number of brains dissected and stained 
with the silver and other standard histological techniques. The silver tech- 
niques used were: the Cajal (Chloralhydrate and pyridine modifications of the 
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classic method), the Bodian, and the rapid Golgi-Cox methods. 
Stained with hematoxylin in toto proved to be very useful, not only for 
staining nerve cells, but also for tracing of fibre tracts. The brains were 
sectioned serially at 20 4 with the exception of the Golgi stained material 
which was sectioned at 80 w. The sections were cut in different preparations 
along the three conventional planes: transverse, sagittal, and frontal. 


Brains 


RESULTS 
I. — Anatomical observations. 


The telencephalon of the turtle is roughly pear-shaped. At its 
anterior end is the olfactory nerve which runs a distance of approx- 
imately 6 mm between the olfactory mucosa and the olfactory 
bulb. The length of the olfactory nerve in the turtle makes it espe- 
cially convenient for the study of the physiological input to the 
olfactory bulb. The telencephalon has an over-all length of approx- 
imately 15 mm of which one-third corresponds to the comparatively 
large olfactory bulb and two-thirds to the hemispheres (Fig. 1). 


Fig. 1. — To the left, a picture of the whole brain of a ro inch turtle. 

To the right, a parasagittal section of the same brain stained with 
silver technique. Lower scale, one centimeter: OB, olfactory bulb Gis 
cortex; OL, optic lobes; CR, cerebellum; MD, medulla; ST, striatum. 


Johnston (19) gave a very accurate description of the turtle brain 
which provided the background for the following investigations inclu- 
ding ours. In the present study, our interest will focus on the olfactory 
bulb, olfactory pathway, and the structural organization of the cortex. 

A brief description of the principal structures as they appear 
in silver and in the hematoxylin stained material will be given here. 
Only those structures which were analyzed with electrophysiological 
methods will be considered. Fig. 1B shows a sagittal section of 
a turtle brain stained in toto with the pyridine silver technique. 


32. 
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1) Olfactory nerve. — The axons of the olfactory nerve are 
extremely fine. The spectrum of diameter shows a peak in the region | 
of 0.25 u with very few fibres over one w in diameter (Bishop, per- | 


sonal communication). 


2) Olfactory bulb. — In the olfactory bulb, the following fibres 
and cell layers are present (Figs. 2, 3, 4). 

1. The layer of afferent olfactory fibres densely packed at the 
surface of the bulb and apparently not organized in well defined 
bundles. 

2. The glomerular layer which consists of the arborization of 
olfactory nerve fibres and the dendritic tufts of the mitral cells. 
In this layer, there are a fairly large number of small nerve cells 
known as intra- and interglomerular cells. 

3. The external plexiform layer formed by the apical dendrites 
of the mitral cells. The basal dendrites of the same cells make a 
contribution to this layer as they ascend toward the surface and 


e ed 2. — To the left, transversal section of the olfactory bulb (toluidin 
stain). 


GL, glomerular layer; EPL, external plexiform laver: M 1 
layer; IPL, internal plexiform layer; iG. internal pra ticee Foe eo 
To the right, a frontal section of the olfactory bulb (Cajal technique). 
ON, olfactory nerve; MOT, medial olfactory tract; LOT, lateral olfactory 
tract; CF, crossing fibres in the back of the bulb coming from mitral cells 
in the lateral and medial aspects of the bulb. Arrow points to the fibre 
bundles consisting of the axons of the mitral cells. 
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SERS Frontal section of the olfactory bulb (Cajal technique). ON, 
olfactory nerve fibres; GL, glomerular layer, EPL, external plexiform layer ; 
MC, mitral cell layer; IPL, internal plexiform layer; IGL, internal granular 
layer. The arrow points to one mitral cell of the “‘ associative type’. 


end in close proximity of the glomeruli (Fig. 4). Dendrites of granular 
cells also branch in this layer. 

4. The layer of the mitral cells which do not present in a 
turtle the rigorous distribution in one compact Tow as in mammals. 
They are, in fact, organized in a-rather irregular fashion and rather 
sparsely distributed in the layer. The basal dendrites may, as already 
mentioned, become ascendent, or they run horizontally for a length 
which in some instances reaches 2 mm (Fig. 3). 

The mitral cells vary considerably in shape and size from 10 
to 40 w. Most of the small mitral cells give origin to the long hori- 
zontal dendrites mentioned above. Dendrites from the internal 
granular layer extend in this layer. 

3. The internal plexiform layer consists of densely packed 
nerve fibres deeply stained with silver. They are the axons of the 
mitral cell sand of other more deeply located neurons. 

Crosby (8) described these deeply located cells in the alligator 
and designated them as “ goblet cells’. The same type of cell is 
present in the turtle. They are located in the internal granular 
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4B 

Fig. 4. — A: camera lucida drawing resulting from superimposing of 
six serial transversal sections of the olfactory bulb (Golgi technique). 
ONF, olfactory nerve fibres; GL, glomerulars; EPL, external plexiform 
layer; MCL, mitral cell layer; IPL, internal plexiform layer; IGL, internal 
granular layer; VT, ventricle. 

B: some cells are heavily stained to show the main branching characte- 
ristics, and interconnections of some of the neurons of each group: 1 and 1’, 
fine axons coming from the deeper layers and running in close relationship 
with the basic dendrites of the mitral cells; 2, ascending dendrites of a 
mitral cell giving origin to two branches that connect to two different glo- 
meruli; 3, cell giving origin to a long axon that runs together with the axon 
of the mitral cells in the internal plexiform layer. The axon runs in a cephalo- 
caudal direction and, therefore, only the initial part of it is seen in the 
drawing; 4 and 6, granular cells with very long processes extending, almost 
to the glomeruli; 5, Golgi 2 type cell. 


Fig. 5. — Same section as Fig. 3 at higher magnification. 


MC, mitral cells; IPL, internal plexiform layer; GC, granular cells. Arrow 


points to granular cells sending their axons to the internal plexiform layer. 


a arn ee 
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layer; the axons run in the internal plexiform layer together with 
the axons of the mitral cells and take a horizontal direction while 
the axons of other granular cells are, instead, ascendent (Fig. 5). 
The possibility suggested by Allison (2) that they are equivalent to 
mammalian tuft cells is supported by observations to be reported 
in a following paper. In this layer, the recurrent axons of the mitral 
cells which end in the following layer are seen. 

6. The internal granular layer consists of the granular cells, 
the goblet cells, and their dendritic arborizations. 


3) The olfactory tracts. — The axons of the mitral cells which 
give origin to the heavily stained internal plexiform layer segregate 
into two well-defined lateral and medial fibre tracts at the posterior 
end of the olfactory bulb. Mitral cells located laterally contribute 
to the medial fibre tract and, conversely, medially-located mitral 
cells send their axons in the lateral tract. The crossing of olfactory 
nerve fibres in the area between the olfactory bulb and cortex is 
clearly evident in our material (Fig. 2B). The lateral tract sends 
fibres to the anterior olfactory nucleus, to the nucleus of the olfactory 
tract, to the olfactory tubercle, and to the striatum. The main 
stream of these fibres, however, runs along the surface of the cortex. 
Its termination in the piriform cortex and in the posterior part of 
the general cortex was ascertained by electrophysiological technique 
(see below). The medial olfactory tract runs on the surface of the 
hippocampal and septal areas. The nerve fibres were traced to the 
hippocampal commissure. It is most likely that they cross in this 
commissure (see paper II). 


4) The cortex. — It is generally agreed that the reptilian cortex 
consists of three main areas. Medially, the hippocampus, dorsally, 
the general cortex; and laterally, the piriform cortex (Fig. 6). Ac- 
cording to Johnston (19), the hippocampus expands laterally on the 
anterior part of the pallium and joins the anterior part of the piriform 
cortex. 

The thickness of the cortex in fresh material varies between 
200 and 500 w. The lateral ventral part of the piriform cortex lies 
directly on the striatum. The other cortical areas are separated 
from the underlying structures by the ventricle. The piriform and 
general cortex are separated from each other in the anterior part 
of the “ pallial thickening ’’ (19). The limits between the hippo- 
campal and general cortex are not clearly defined. 
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Fig. 6. — A: transverse section of turtle cerebral hemispheres. H, hip- 
pocampus; GC, general cortex; PC, piriform cortex; OT, olfactory tract; 
AC, anterior commissure; ST, striatum. Above the anterior commissure, 
the hippocampal commissure fibres weakly stained. 

B: transversal section of hemisphere of anolis carolinensis, a micro- 
somaticreptile. Notice the almost complete absence of the piriform cortex 
and the well-developed hippocampus and striatum. 


The histological structure is similar throughout the cortex. The 
cells are situated in a deep layer two or three cells thick and only 
a very thin fibre layer separates them from the underlying ventricle. 

The dendritic arborizations of these neurons are clearly seen in 
Golgi stained material (Fig. 7B). They reach the most superficial 
layer of the cortex. 

Two systems of nerve fibres are seen in silver-stained material 
(pyridine Cajal technique): one runs along the surface and the other 
runs deep in contact with the nerve cell bodies (Fig. 7 A). In the 
piriform cortex, the superficial fibre system consists chiefly of the 
lateral olfactory tract. A similar superficial fibre tract is present 
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in other pallial areas. Evidence will be presented that this system 
in formed by sensory afferent fibres of different modalities discharging 
in these cortical areas. Morphological, as well as electrophysiological, 


Fig. 7. — A: tramsversal section through the piriform cortex (Cajal 
technique). SF, superficial fibres; DF, deep fibres; CB, layer of cell bodies; 
AX, axons of the cells; VENT, ventricle. 

B: similar section shows the dendritic arborizations of the cortical 
cells reaching the surface of the cortex (Golgi technique). 


analysis suggests that the deep fibre tract is an associative system. 
Fibres originating in the deep granular layer of the olfactory bulb 
also contribute to this system. This will be discussed in detail in 
a following paper. 


II. — Electrophysiological investigations. 


The method of evoked potentials was used to trace fibre tracts 
and in this way to integrate the morphological data presented above. 
No attemp is made here to analyze the characteristics of the evoked 
response since is the main object of the followoving papers. 


1) Response of the olfactory bulb to eletrical sumulation in the 
olfactory nerve. —— Stimulation of the dorsal surface of the nerve 
with a 20 pu electrode gives origin to a surface-native potential in 
the dorsal surface of the olfactory bulb. The response becomes 
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diphasic if the stimulating electrode 1s pushed deeper into the nerve, 
inverts, and becomes surface-positive by an even more deep pene- 
tration of the stimulating electrode in the nerve. 

Stimulation of the dorsal surface of the nerve and recording in 
the ventral surfage of the bulb results in a surface-positive response 
while stimulation of the deep fibres of the nerve evokes a surface- 
negative response from the ventral aspect of the bulb. 

The mirror image of the electrical activity strongly suggests that 
two distinct fibre bundles originating in the dorsal and ventral 
aspect of the olfactory mucosa and projecting to the dorsal and 
wentral part of the olfactory bulb, respectively, are being dealt 
with here. 

The exceedingly small size of the olfactory nerve fibres is reflected 
in the speed of conduction which was found to be of the order of 
0.15 m/sec. 


2) Cortical response to olfactory nerve stimulation. — Electrical 
stimulation of the nerve evokes a surface-negative response in the 
piriform cortex and in the posterior part of the general cortex. If 
monopolar recording is used, a small surface-positive response is 
recorded in the dorsal edge of the hippocampus and in a large part 
of the general cortex. No response is recorded in these areas when 
the bipolar recording is used. Most of the hippocampus and of the 
septal region were silent to olfactory nerve stimulation. It must, 
however, be pointed out that in order to expose these areas, some 
damage to the blood supply is unavoidable; although it is unlikely 
that the lack of response in this area is due to circulatory damage. 
The posterior pole of the cortex was likewise silent. ~The diagrams 
in Figs. 8, 9 show the cortical area which responds to olfactory 
stimulation. Briefly, the characteristics of the evoked response in 
Fig. 8 are as follows: 

Area A: evoked potentials exhibit a rather sharp ascending 
and descending phase and are relatively short in duration if compared 
to the activity of other olfactory cortical areas. The characteristics 
of the response and the topographical location of the olfactory tract 
in this region suggest that the recorded activity is mainly due to 
the olfactory tract itself. Since the nucleus of the olfactory tract 
and the anterior olfactory nucleus are closely associated with the 


fibre tract, the response might also reflect the activity of these 
cells. 
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100 msec. 


Fig. 8. — Mapping of the vesponsein the cortex to olfactory nerve stumu- 
lation. The characteristics of the potential in each one of the marked areas 
ave descrvibed in the text. s 


OB, olfactory bulb. Upward deflection-imdicates surface positivity. 


Fig. 9. — Schematic drawing of the projection of the different sensory 
modalities over the olfactory bulb and cortex. 


Olf, olfactory areas; Som, sensory areas, Vis, visual areas. For expla- 
nation see text. Broken line: area described by Johnston as a motor cortex. 
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Area B: this area corresponds roughly to the piriform cortex. 
The evoked potentials show considerably larger amplitude and du- 
ration. These characteristics of the response, as well as the excita- 
bility cycle (see following paper), suggest that we are dealing with 
a dendritic response. 

Area C: this area occupies the posterior part of the general 
cortex. Here the potentials are similar to those described in Area B, 
but the form is much more complex. 

Area D: this area corresponds roughly to the dorsal anterior 
extension of the hippocampus described by Johnston (19). Activity 
is recorded only when the ventral fibres of the olfactory nerve are 
stimulated. 

Area E: the characteristics of the response which can only 
be recorded monopolarly, as mentioned above, suggest two alter- 
natives: either the activity is recorded at a distance or it represents 
a secondary response mediated through cortico-cortical associative 
fibres in the deep system of the cortex. 


3) Cortical response to optic nerve stimulation. — While the 
projection of the olfactory nerve to the cerebral cortex in reptiles 
is a well-known and generally accepted fact, the direct projection 
of other systems such as the visual system, has never been pros- 
pected. 

In the following, the topography of the visual area and the 
characteristics of the response will be briefly presented. 

Electrical stimulation of the optic nerve evokes activity in 
a large area of the general cortex labelled Area E in Fig. 8. The 
possibility that the response arises in the underlying neural structures 
is ruled out by the following facts: a) the response is surface-nega- 
tive; b) the polarity reverses in the deep layers of the cortex when 
fractional leads are used; c) a superficial incision in the lateral cortex 
abolishes the response; in these experiments the histological control 
showed that deep structures had not been injured. These results 
give evidence that we are dealing with a local response; however, 
they do not prove that the cortical area is a projection area for the 
optical pathways. 

The following observations strongly suggest that we are actually 
dealing with a projection and not with an association area. 

Electrical stimulation of the optic nerve or illumination of the 
retina result in a response characterized by four well-defined spikes 
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in the nerve and optic lobes. Spikes with the same delay-constant 
are recorded in Area E of the cortex (Fig. 10). 

It is of interest to notice that the characteristics of the potential 
in this area are different in the anterior and posterior sectors. The 


Fig. 10 Re- 
sponse to a short 
flash to the retina 
in A, optic nerve; 
3, optic lobes; C, v1- 
sual cortex. As ex- 
plained in text the 

delay constant ”’ 
between the four 
mani spikes is the 
same in all records. 
D, response in the 
visual cortex to ele- 
ctrical stimulation 
of the optic nerve. 
An upward defle- 
ction indicates sur- 
face - negativity for 
optic lobes and cor- 
tex. 


activity evoked in the latter is shorter in duration and also less 
complex than in the former. A similar difference in the response 
was observed in Areas C and D to olfactory nerve stimulation. 


4) Cortical response to stimulation of the dorsal funicult, — Elec- 
trical stimulation of the dorsal funiculi at the cervical level of the 
spinal cord results in activity in front of Area E (Figs. 8 and 9). 
Since these results were obtained with monopolar recording, the 
possibility cannot be entirely ruled out that this activity represents 
recording at a distance from deeper structures. However, the fact 
that the response is surface-negative does not favor this possibility. 


5) Motor response to cortical stimulation. — The question has 
been raised many times whether some area of the cerebral cortex 
in reptiles has motor function. In unanesthetized animals, stimulation 
of the piriform cortex and ‘associated olfactory areas resulted con- 
sistently in widespread motility. Repetitive stimulation proved to 
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be more effective than simple shocks. Motility was also observed 
when the olfactory nerves or the olfactory bulbs were stimulated. 


The significance of these results will be discussed below. 


6) Contralateral cortical responses to olfactory nerve stimulation. 
__ The contralateral olfactory bulb and the piriform and associated 


100 msec 


Fig. 11. — Activity at different points of the surface of the brain evoked 
7 stimulation of the olfactory bulb. The points of recording ave marked in 
he wnsert. : 


Records 1, 2, 3, 4, 5, activity evoked in the contralateral side. Re- 


, 


COLdS simon Sa ealculVvaty: 0 the homolateral side in points symmetrical to 
1, 2 and 3. Monopolar recording with a surface lead, ; 


olfactory cortical areas were tested. The following results were 
obtained (Fig. 11): a) olfactory bulb: a slow potential is evoked by 
stimulation of the olfactory nerve and more readily by stimulation 
of the opposite olfactory bulb; b) piriform cortex: the response is 
rather complex and consists of at least two different waves each 
with different characteristics. Evidence that they are related to 
independent fibre tracts will be presented in a following paper ; 
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c) oljactory Area E in the general cortex: the response evoked in this 
area is similar to the one described in the homolateral Area E 


7) Interhemispheric cortical relations. — Stimulation of the piri- 
form cortex of one side gives origin to evoked activity in symmetrical 


Fig. 12. — Diagrammatic vepresentation of olfactory pathways and inter- 
hemispheric connections based on electvophysiological vecording. 


Heavy lines, main olfactory pathways. Broken arrows, efferent path- 
ways from cortex to bulbs. Broken line, interhemispheric cortical connec- 
tions. OB, olfactory bulb; AON, anterior olfactory nucleus; ST, striatum ; 
NLT, nucleus of the lateral olfactory tract; PC, piriform cortex, GC, ge- 
neral cortex. 


points of the opposite hemisphere. Stimulation of the lateral part 
of the general cortex also gives origin to activity in the general 
cortex of the opposite side. 


8) Cortico-bulbar relations. — Stimulation of the piriform cortex 
evoked an electrical response in the homolateral and contralateral 
olfactory bulbs. A physiological analysis of this response strongly 
suggests the existence of an efferent system overshadowed by the 
antidromic response (see paper Lite 
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DISCUSSION 


The aim of this paper is to provide a morphological background 
for a study of the functional organization of the olfactory system 
and of the cerebral cortex inthe turtle. The results will be commented 
upon briefly since most of them will be considered again in the 
following papers after presentation of the electrophysiological ana- 
lysis of each one of these structures. 

It has been an object of discussion whether or not the olfactory 
epithelium projects to distinct areas in the olfactory bulb. Adrian (1), 
using electrophysiological techniques, was able to demonstrate that 
the oral extremity of the olfactory mucosa projects to the anterior 
part of the bulb while the caudal part of the mucosa projects to 
the posterior part of the olfactory bulb. Le Gros Clark (24, 25), 
using the method of retrograde degeneration, found evidence of a 
dorso-ventral segregation. Both investigations were performed in 
the rabbit. We also found evidence of a similar spatial localization 
in the olfactory projections in the turtle. The electrical stimulation 
of the olfactory nerve showed the existence of the two distinct fibre 
bundles; one, originating in the dorsal part of the nasal mucosa, 
projects to the dorsal part of the bulb; the other, originating in 
the ventral part of the same mucosa, projects to the ventral part 
of the olfactory bulb. The dorsal bundle may include the vomero- 
nasal nerve described by Crosby and Humphrey (9) as projecting to 
the accessory olfactory bulb that occupies the dorsal portion of the 
bulb. Our morphological and electrophysiological analysis did not 
show differences between this and the remaining part of the bulb. 
The evoked potential technique indicates that the ventral bundle 
projects mainly to the anterior part of the hippocampus while the 
dorsal bundle projects only to the piriform cortex. Herrick and 
other authors describe two well-defined components in the olfactory 
system: the olfacto-visceral relaying the hippocampus to the hypo- 
thalamus and the olfacto-somatic relaying the lateral wall of the 
hemisphere to the motor somatic nuclei of the mesencephalon. Our 
findings, as reported above, suggest that such segregation is already 
present in the olfactory nerve. As mentioned above, stimulation 
of the olfactory nerve evokes activity only in the small dorsal portion 
of the hippocampus. These results are not insagreement with the 
concept that the hippocampus subserves mainly the olfactory func- 
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tion in lower vertebrates. It remains for further investigations to 
establish the functional connections of the larger remaining part of 
the hippocampus. On the other hand, the olfactory function of the 
piriform cortex receives further confirmation from our analysis with 
electrophysiological techniques. In line with this finding is the 
observation that in a microsomatic reptile, the American chameleon 
(Anolis Carolinensis), the piriform cortex is altogether absent 
(Fig. 6.4, B) and the hippocampus instead is well developed. 

Our results give evidence for a projection from each olfactory 
nerve through the olfactory bulb to the homolateral cerebral cortex 
and to the contralateral olfactory bulb and its cerebral cortex. The 
existence of a commissural system interconnecting the cerebral cortex 
of the two hemispheres was established with electrophysiological 
technique. 

Another aspect of the results reported in this investigation 
deserves comment. The electrophysiological analysis gave evidence 
for the presence in the dorsal cortex of discrete areas of projection 
for visual and olfactory modalities. Furthermore, the stimulation 
of the spinal cord also evoked a response in a discrete area of the 
dorsal cortex; the response was well localized even to maximal 
stimulation. These results are indicative of the existence of a somatic 
cortex. The above findings raise the question of whether the stern 
“general cortex’ in reptiles is appropriate. We were unable to 
demonstrate the existence of a discrete motor cortical area in turtles. 
These results are in agreement with previous findings by Bremer, 
Dow and Moruzzi (6). 

These authors interpreted the motility resulting from stimulation 
of the cortex as due to spreading of the stimulus to lower centers. 
This mechanism may certainly account for the motor reaction after 
stimulation of cortical areas covering the striatum. We observed, 
however, motility also following stimulation of the olfactory bulb 
and even after stimulation of the olfactory nerve in non-anesthetized 
animals. The generalized and irregular character of these movements 
suggest a possible reflex mechanism. 


SUMMARY 


The olfactory system in the turtle was investigated by combined 
morphological and electrophysiological techniques. It was found 
that each olfactory nerve consists of two well-defined dorsal and 
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ventral bundles and each projects to the dorsal and ventral aspect 
of the homolateral bulb. Each olfactory nerve projects also to the 
contralateral bulb and piriform cortex. Only a small dorsal area 
of the hippocampus receives olfactory projections. 

The existence of a commissural system interconnecting the ce- 
rebral cortex of the two hemispheres was established with electro- 
physiological technique. 

It was found that the ‘‘ general cortex ’’ is divided into discrete 
areas which receive projections from different sensory modalities. 
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II. ELECTRICAL ACTIVITY IN THE OLFACTORY BULB! 


F. ORREGO 


Washington University, Department of Zoology 
Washington University, School of ae Division of Neer 
Sie Ouis Vion ins: 


INTRODUCTION 


The structural organization of the olfactory bulb and the olfactory 
pathways in the turtle were described in a previous paper (9). The 
present study is directed toward the analysis of the evoked and 
spontaneous activity in the olfactory bulb. This organ proved to 
be particularly favorable for electrophysiological analysis because of 
the simple geometrical distribution of its cellular layers which are 
displayed in an almost spherical configuration. The olfactory bulb 
is the first forebrain structure to have reached an advanced stage 


of organization maintained with only minor changes from lower to | 


higher vertebrates. The olfactory bulb in higher vertebrates has 


the same basic structure as the olfactory bulb of reptiles. The history | 

of the two main cellular components of the bulb, the granular cells 

and the mitral cells, is written down in the living vertebrates and 

can be traced step by step from lamprey to primate. This evolu- _ 

tionary process has been extensively eeihaget Sasser ue was ‘recently oI 

soroued bY, Sun Re ine nt 7. a ace 
_ Fin should b ted ral. | 
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METHODS 

[The materials and methods were described in the previous paper (9) 
R SS ee rss 
CESUELS 


1. Characteristics of the potential evoked in the olfactory bulb by 
electrical stimulation of the olfactory nerve. — A single shock applied 
to the olfactory nerve evokes (monopolar recording, surface to 
ventricle: Fig. 1): a relatively small potential which is generally 


Fig. 1. — Electrical stimulation 
DT the olfactory NeEVVE. 


Monopolar recording bulb 
surface to indifferent electrode in 
the ventricle. Upward deflection 
indicates surface-negativity. 


diphasic with rather sharp ascending and descending phases. This 
potential is followed by a small slow surface-negative wave. In the 
descending phase or peak of this wave a third surfacenegative wave 
of high amplitude starts; it has a duration of 50 to 60 m/sec. A fourth 
slow wave of variable amplitude follows the third wave with about 
100 milliseconds delay. This wave, however, is not always present. 


2. Sites of origin of the different components of the evoked potential 
in the olfactory bulb. — Fig. 2 shows a mapping of the response in 
the olfactory bulb to olfactory nerve stimulation. The first wave 
is recorded clearly only in the anterior pole of the bulb where the 
olfactory nerve fibres are more densely packed, and its properties 
can be studied more accurately by leading from the olfactory nerve. 
The latency of the first wave increases in direct proportion with 
the distance between the stimulating and recording electrode in the 
olfactory nerve, the latency of the third wave instead (in this case 
recorded at a distance) remains constant (Fig. 3). This fact, as well 
as the diphasic or sometimes triphasic (positive-negative-positive) 
character of this first wave, strongly suggests that its origin is in 


‘ 
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the olfactory nerve fibres themselves. 


i. 


this potential is rather long for an axon potential (10 msec or more), 


it must be remembered that we are dealing with exceptionally thin 


fibres (9). Potentials with similar duration were found by Gasser 
in the olfactory nerve of the pike (7). 
wave is recorded all over the bulb; however, in the caudal part of 


The second small negative 


the bulb it is less prominent because of the sharp ascending phase 


Pig. 3. — Response 
evoked by electrical stim- 
ulation of the olfactory 
nerve vecorded at diffe- 
vent loci in the same 
nevve. 


The distance bet- 
ween recording electro- 
de 2 and the cathode 
of the stimulating elec- 
trode is 2 mm, same 
distance beteen  elec- 
trodes 2 and 1. Mono- 
polar recording from 
surface to indifferent 
electrode. Fig. B recor- 
ded from electrode 2 to 
indifferent. Fig. C re- 
corded from electrode 
to indifferent. Fig. A is 


20 msene 


Fig. 2. — fespon- 
es in different areas oj 
the olfactory bulb to ol- 
factory nerve stimula- 
iON. 

Monopolar re- 
cording surface tc 
indifferent electrode. 
Upward deflection 
indicates surface- 
negativity. 


— 
2Omsec 


the same as C but at a faster speed of the beam. Upward deflection indicates 


surface-negativity. 


Although the duration of 


HE REPTILIAX. FOREBRAIN 449 


and large size of the third wave (records 4, 5, and 6 in Fig. 2 were 
taken at half the amplification of r, 2, and 3). Aftera response of 
the olfactory bulb to nerve stimulation, there is a long period of 
lepression to a second shock (Fig. 4). During this depression, the 
arst potential, already described, and the second slow wave are not 


The first two compo- 
nents of the response to 
the second stimulus are not 
iffected by the previous re- 
sponse while the third com- 
ponent is strongly depres- 
sed Surface to ventricle 
recording. Upward deflec- 
tion indicates surface ne- 
gativity. 


affected, but at short intervals between the shocks, the third wave 
is completely blocked. Therefore, the second wave and the third 
wave seem to arise from two independent processes. The antidromic 
response of the mitral cells evoked by stimulation of the olfactory 


Fig. 5. — Top record: antidromic response 
in the olfactory bulb to stimulation of the lateral 
olfactory tract. 


Middle record response in the olfactory 
bulb to stimulation of the olfactory nerve. 
The two presynaptic components of the re- 
sponse are marked with numbers. Lower re- 
cord: orthodromic response preceded by anti- 
dromic response to stimulation of Ke Olle 
factory tract. The first two components are not 
affected by the previous antidromic stimula- 
tion: the third is almost completely depres- 
sed. Monopolar recording surface to in diffe- 
rent electrode. Upward deflection indicates 


surface-negativity. 


tract completely blocked the third wave to subsequent orthodromic 
stimulation without affecting the first or second wave (Fig. 5). When 
using fractional recording with the leads at different depths in the 
bulb, the second wave shows only in the more superficial leads with 
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a reversal of its polarity rather. close to the surface. These results 
suggest that the second wave represents activity in the fine intra- 
glomerular presynaptic fibres and/or synaptic potentials at the tips 


of the apical dendrites of the mitral cells. 


Fig. 6.— Upper 


row: vesponse in the 


olfactory bulb to elec- 
trical stimulation of 
the olfactory nerve. 
Monopolar re- 
. re cording with an 8 yw 


needle. From left to 


right the depth of 
recording is increa- | 
sed. Lower row: re- | 
sponse in the olfact- 

ory bulb to olfact- 
ory tract stimula- | 


tion recorded at the 
same depths as in the upper row. Upward deflection indicates negativity } 
at the point of recording. 


The third wave represents the main component of this complex 
potential as can be seen in Fig. 1. Its amplitude may be several 


Big. 7. — Transverse section through the 
olfactory bulb (toluidin stain). 


The arrow indicates the point of iron 
deposit by the electrode placed in the po- 
sition where the potential reverses in Fig. 6. 


millivolts, even with extracellular recording. Fig. 6 shows the re- 
sponse to orthodromic and antidromic stimulation at different depths. 
Both types of response reverse at approximately the same depth 
which is marked by iron deposit in Fig. 7. The experiment illustrated 
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in Fig. 8 shows similar results, but in this case instead of recording 
at different depths against an indifferent electrode, we used the 
technique of fractional recording. In this case, the exact depth of 
each lead was known. In the experiment with monopolar recording, 
the third potential reverses to a negative-positive potential at the 
level of the cell bodies and axons of the mitral cells regardless of 
whether the stimulation is orthodromic or antidromic. The maximum 
negativity is not at the surface, but at a deeper level. This point 1S 
even more clearly demonstrated by fractional recording where it can 
be seen again that the maximal negativity is at the level of the 
basal dendrites and cell bodies of the mitral cells. These results 
strongly suggest that this third large component of the bulb potential 
is originated mainly in the depolarization of the basal dendrites 
and/or cell bodies of the mitral cells. A tentative interpretation of 
these —— will be given in the discussion. 
In Fig. 8 (lead 1-5), as well as in Fig. 5, the response to ortho- 
dromic stimulation shows clearly the small wave that preceeds the 


IDS S = Fractional vecording of the response of the olfactory bulb to 
orthodromic and antidromic stimulation. 


The tip of each lead is placed at the points indicated in the drawing. 
Column I: responses to antidromic stimulation. Column II: responses to 
orthodromic stimulation. Upward deflection indicates a positive potential. 


ec .) - Jae 
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iypothesis that this might represent elomerular and synaptic activity. 
Fig. 9 A represents the response recorded at the surface of the 


was done just above the level at which the evoked response reverses 
in polarity. A small needle with a tip no larger than 8 w in diameter 


Fig. 9. — A: response at surface of the 
bulb to olfactory nerve stimulation. 6: spon- 
taneous activity recorded close to the internal 
granular layer. C: response evoked by sti- 
mulation of the olfactory nerve recorded at 
the same locus as record B. Same amplifica- 
tion used in all three records. Notice ab- 
sence of spontaneous activity in the surface 
recording. : 


was used, The spontaneous activity is illustrated in record B. This 
activity does not show in surface recording and it grows in size as 
the recording electrode is pushed deeper into the bulb.~ In record C, 
the spontaneous activity clearly precedes the shock and continues 
in the ascending phase and part of the descending phase of the slow 
wave evoked by olfactory nerve stimulation. After the slow wave, 
there is a c silent period’ and then a rebirth that builds the fourth 
wave mentioned above. The place of recording, as well as the events 
that will Ee analyzed in a following paper, very strongly suggest 
that this activity originates in the granular cells. The stale 
cells that normally show asynchronic spontaneous activity must 
then be activated through the axons of the mitral cells to a rather 
synchronic discharge that contributés to the third wave, chiefly the 
response of mitral cells. This synchronous discharge is followed by 
a silent period and then bin a renewed discharge 


third wave under discussion. This small wave (2 wave) is completely 
absent in the case of antidromic stimulation, strengthening the 


sulb evoked by olfactory nerve stimulation. In 5 and C recording 


———— eC rt CC Trl Ch TCU rr 
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3. The excitability cycle following response in the olfactory bulb 
to a single shock in the olfactory nerve. -— After the response in the 
olfactory bulb to a single shock delivered to the olfactory nerve, 
there is a long-lasting depression to a second shock at the same site. 
If the interval between the two shocks is shorter than 10 msec, the 
response is larger than the response to a single shock; however, it 
never actually doubles in size. This might be due to temporo-spatial 
summation at the glomerular synapsis; the first shock might fire 
some of the mitral cells and evoke a subliminar fringe in other glo- 
meruli which are brought to threshold level by the second shock. 
After this short period of facilitation, there is a period of complete 
depression lasting 500 msec or longer with maximal stimulation. 
The duration depends also on the general condition of the preparation. 
As was mentioned earlier, only the third and fourth wave of the 
responses of the olfactory bulb are depressed during this period. 
This phase of complete depression is followed by a period of partial 
depression lasting as long as I5 sec. The excitability cycle in the 
piriform cortex following olfactory nerve stimulation almost exactly 
parallels, as might be expected, the olfactory bulb cycle. 


4. Response in the piriform cortex to stimulation of the olfactory 
bulb at different depths. — In order to determine the locus of this 
depression, the stimulation was applied to the olfactory nerve and 
the recording was made in the piriform cortex. First, we will give 
a brief description of the technique used. 

Stimulation of the surface of the bulb with a small bipolar 
electrode (two 20 w wires cemented together and filed to a sharp 
tip), gives origin to a response in the posterior piriform cortex which 
is similar to the response obtained by olfactory nerve stimulation. 
The latency of this response is about 25 msec. If the stimulating 
electrode is pushed a small fraction of a millimeter into the bulb, the 
latency of the response is decreased by 8-10 msec without changing 
its general characteristics. The structure responsible for this change 
in latency is represented in Fig. Io. The two tips of the stim- 
ulating electrodes are separated by a distance of 50 to 60 w Mm 
depth. The electrode is placed in such a way that the pole closest 
to the surface is at the glomerular level or superficial to it, and. the 
deep pole is in the external plexiform layer just below the glomerular 
level. In the record from the piriform cortex, as illustrated in Fig. 10, 
the response with shorter latency was evoked by making the deep 
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pole the cathode; the superimposed record with longer latency was 
obtained by using the superficial pole as a cathode. Apparently 
then, this difference in latency is caused by a long delay necessary 
for transmission within the glomeruli including not only the synaptic 
mechanism itself, but also transmission through the fine intraglo- 
merular fibres. 


i H Fig. ro.— To the left, 
two superimposed records 
of the vesponse in the pt. 
vifovm cortex to olfactory 


aN bulb stimulation. 


Response with shor- 
ter slavpency > cathode. 
deep stimulating  elec- 
trode. Response with lon- 
ger latency, cathode: su- 
perficial electrode. The 
distance between the two 
tips of the stimulating 
electrode is 50 yw. 


RT 
50 msec 


The results of the following experiments are also in agreement 
with this interpretation. The diagram in Fig. 11 shows the position 
of the stimulating electrodes. Electrode A is placed in the olfactory 
nerve; B in the surface of the bulb just above the glomeruli; and C 
just below the glomeruli. The recording electrode is in the piriform 
cortex. The records in the top row are control responses to single 
shocks applied in the three different locations. The difference in 
size between the responses is not significant and varies from one 
experiment to another according to the topographical relations 
between the point of stimulation and the point of recording. The 
records in the bottom row are responses to single shocks in the same 
locations as above after tetanic stimulation to the nerve (30 shocks 
per second for 20 seconds). These records show clearly that there 
is a strong potentiation of the response to single shocks applied to 
the nerve and to the preglomerular fibres, but no change in the 
response to post-glomerular stimulation. It is generally agreed that 
the post-tetanic effect is due to change in the pre-synaptic ele- 
ments (10). The tetanus to electrode A affects the post-tetanic 
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Fig. 11. — Upper row. 4: response in the piriform cortex to stimulation 
in the olfactory nerve. B: response in the piriform cortex to stimulation 
in the surface of the bulb. C: response in the piriform cortex to stimulation 
in a point immediately below the glomerulus. Lower row: response to 
stimulation in the same loci after tetanic stimulation through electrode 4. 
Upward deflection indicates surface-negativity. 


response to single shocks in electrode A and B because these two 
electrodes are in a pre-synaptic position, while the response from 
stimulation at C is not affected because it is in a post-synaptic 
position ¢, 


5. Locus of depression following a response to a single shock in 
the olfactory nerve. — In the experiment illustrated in Hig; 12) the 


< Some aspects of the post-tetanic effect in the glomerular synapsis 
ask for a comment. In some synaptic systems in mammals and also in the 
turtle, the predominant post-tetanic effect is one of facilitation; in the 
glomerulus there is a strong and long-lasting depression not followed by 
facilitation. Only the repetition of the tetanus for long periods of time 
and/or the deterioration of the preparation change the post-tetanic depres- 
sion into post-tetanic potentiation. Only exceptionally a preparation in 
good condition shows post-tetanic potentiation after the first few trials. 
Regardless of whether the effect of the tetanus is depression or potentiation, 
the experiment described above always results in the same Cross effect 
between electrodes A and B and no change in the response to stimulation 
in C. The frequencies that are successful in evoking post-tetanic effect are 


between 20 and 4o cycles per second for durations of 20-40 sec. 
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position of the stimulating electrodes 1 and 2 was similar to that 
of electrodes B and C in the previous experiments. This position 
was checked by the difference in latency as shown in row A, by the 
post-tetanic effect and histological control. A third stimulating 
electrode was placed at the origin of the lateral olfactory tract in 
the margin between the olfactory bulb and thehemisphere. The 
recording electrode was placed in the piriform cortex. Row B shows 
records of the response to two shocks delivered through the different 
stimulating electrodes at a similar interval. There is no response 
to the second shock of the pre-glomerular stimulation. There is 
a response with a certain degree of depression to the second shock 
in post-glomerular position and there is facilitation to the second 
shock delivered to the axon of the mitral cells. Therefore, one locus 
of depression must be in the nerve fibres or in the glomeruli them- 
selves. It can be demonstrated that the nerve fibre is not respon- 
sible for this depression by delivering two shocks to the olfactory 
nerve and recording in the nerve itself. This experiment shows 
that after a short period of depression not much longer than the 
duration of the action potential itself, there is a slight degree of 
facilitation of the response to the second shock. 

Another proof that the depression following the response in the 
olfactory bulb is not only due to a post-activity depression of the 
mitral cells is the fact that even a sub-threshold conditioning stim- 
ulus can strongly depress the response to subsequent supra-threshold 
stimulation (Fig. 13). The records show the response to combinations 
of two shocks delivered through two different electrodes at the same 
intensities as the control but at increasing intervals; the first shock 
is always the weakest. At short intervals, there is a facilitation of 
the response to the supra-threshold stimulation by the conditioning 
sub-threshold stimulus. This result may be explained by the spatio- 
temporal summation which is likely to take place in the glomerulus. 
We have in fact a high degree of convergence of nerve fibres (more 
than 15,000 olfactory nerve fibres converging in each glomerulus) (3). 
This short facilitation is followed by a long-lasting depression as 
illustrated in Fig. 13. Two alternative hypotheses could explain 
this last phenomenon: a) the existence of inhibitory fibres of low 
threshold in the olfactory nerve b) a non-recordable response to the 
sub-threshold stimulation which will result in the depolarization of 
the intraglomerular fibres and partial activation of the synaptic 
field in the glomerulus without resulting in firing of the mitral cells. 


: 
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100 msec 


Dis e2s5- Row A, response in the piriform cortex to stimulation above 
and immediately below the glomerulus. Row B, response in the piriform 
cortex to two shocks around 250 msec apart delivered to point 1, point 2 
and point 3. Point 3, in the axons of the mitral cells in the boundary between 
bulb and cortex. Upward deflection mdicates surface-negativity. 


Fig. 13. — Upper left record, subthreshold stimulation in the olfactory 
nerve. 

Record below: response evoked by threshold stimulation of the olfactory 
nerve recorded in the olfactory bulb. In the following records the subthresh- 


old and threshold stimuli are delivered at increasing delays. The weak 
shock always precedes the strong shock. Upward deflection indicates surface- 


ngativity. 
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The early facilitation, as described above, makes the first hypothesis 
unlikely ¢. 

Fig. 12 suggests that another locus of depression may be present. 
As shown in the diagram, electrode 2 is located in the layer of the 
apical dendrites of the mitral cells, and electrode 3 is situated in 
the layer of axons of the same cells. The cell body of the mitral 
cells and the recurrent branch of the axon is interposed between 
the two stimulating electrodes. The recurrent axon was investigated 
by Cajal in mammals (5). He found that it branched in the internal 
granular layer. Our studies in turtles agree with these findings. 
Cajal also states that the short axons of the internal granular cells 
end on the basal dendrites of the mitral cells, thus completing a 
recurrent circuit. We were unable to see the actual termination of 
the recurrent axon in our Golgi material, but the available evidence 
suggests a connection from it through the granular cells with mitral 
cells other than the cell of origin. The record in Fig. 12 shows that 
facilitation instead of depression occurs when the stimulus is applied 
in position 3, that is, to the axons of the mitral cells. The facilitation 
is not dependent in this case upon the point of stimulation, but 
upon the characteristics of the synaptic field in the piriform cortex. 
These synaptic fields will be analyzed in detail in a following paper. 
Since no facilitation, but slight depression follows when the stimu- 
lation is applied proximal to the point of emission of the recurrent 
axon, this result suggests that the circuit through this axon is re- 
sponsible for the depression. A support to this hypothesis is presented 
in the next paper. 

The following experiment rules out the possibility that we are 
dealing with two different pathways, one giving origin to post-activity 
facilitation, and the other to post-activity depression. In this exper- 
iment (Fig. 14), the stimulating electrodes are placed in the same 
position as above: one in the external plexiform layer and the other 
at the origin of the olfactory tract. The recording electrodes are 
placed in the piriform cortex. Records A and B show a response 


to two shocks delivered through electrode 1 and electrode 2 respec- 


" The two shocks are delivered through different electrodes in order 
to avoid any possible influence of polarization of the electrode after the 
first shock. The stimulating electrodes are only 20 «4 in diameter and consist 
of stainless steel wire that is easily polarizable. 
the two stimulating electrodes are most important because the intensity 


of the stimulus is very low and allows very litt] 
aes y e spread of current ber 


s 


The relative positions of | 
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Fig. 14. — 4: response to two shocks through electrode 1 in the external 
plexiform layer. B: response to two shocks through electrode 2 at the 
origin of the olfactory tract. Recording electrode in the piriform cortex. 
C: response to single shock through electrode 2. D: response in the piriform 
cortex to a single shock through electrode 2 preceded by a single shock 
to electrode 1. Upward deflection indicates surface-negativity in the pi- 
riform cortex. ON, olfactory nerve; MC, mitral cell; GC, granular cell; 
OT, olfactory tract; PC, piriform cortex. 


tively. Record C is a control to a single shock applied to electrode 2 
and record B shows a response to a single shock of the same strength 
applied in the same location when preceded by a shock through 
electrode r. The response to a shock delivered to an axon is clearly 
potentiated by the preceding dendritic stimulation; thus proving 
that we are not dealing with a different pathway. 

Fig. 15 shows a graphic representation of the excitability cycle 
following the response evoked by stimulating the olfactory nerve (or 
surface of the bulb), the external plexiform layer, and. the olfacto- 
ry tract. The recording electrode is in the olfactory bulb; therefore, 
the response to olfactory tract stimulation is an antidromic response. 
Early facilitation is absent in the excitability cycle following stiniu- 
lation of the external plexiform layer. There is a late facilitation 
which is never present in the excitability cycle following olfactory 
nerve stimulation. These different excitability cycles can be obtained 
by changing the stimulation from the glomerular level to a point 
slightly below it; the difference in depth being not necessarily greater 
than 50 mw. The absence of early facilitation to deep stimulation 
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might be explained by the fact that the stimulus is delivered to a 
point beyond the convergence of olfactory nerve terminals in the 
glomeruli that structurally favor spatial summation. This fact, in 
addition to the post-tetanic effect, the histological control, and the 


~ — Fig. 15. — Graphic 
oe the excitability cycle 
following the response of 
the olfactory bulb to. 


100% 


A: local stimula- 
tion in the external 
plexiform layer imme- 
diately below the glo- 
merulus; B: stimulation 
in the olfactory nerve, 
and C: stimulation in 
the olfactory tract (an- 
tidromic response). 
Plotting on different li- 
nes represents areas cir- 
cumscribed by poten- 
tials to second shocks 
at different delays. Compare with reference line at 100% representing 
response to simple shock. With very short delay between two stimuli the 
responses were superimposed. In this case, the total area was measured and 
the area of the response to a simple shock ee from this. 


similarity between post-glomerular and antidromic cycles favors the — | 


inference of a direct electrical excitation of the apical dendrites, 


especially since there are no synaptic contacts on the dendrites in 


the region stimulated. = 


6. Response in the olfactory bulb pathway to repetitive stonemiahiona 
me one could expect from the characteristics described of the 


r “nerve, nici pee to aa stimulat 


Fatcnaiee oe stimulation ae 6: te a) per “second 2 
culiar and constant. ‘pattern: of resp ; 
pense the Beuhe 


he olfactory bulb following a single shock applied 
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_ Fig. 16. — Response im the olfactory bulb to vepetitive stimulation of the 
factory nerve. Upward deflection indicates surface-negativity. 


If the response to repetitive stimulation is recorded in the 
piriform cortex, the pattern is dependent upon the point of appli- 
cation of the stimulus, 7. e., if the stimulus is pre-glomerular a strongly 
decremental response is obtained; if post-glomerular, the response is 
slightly decremental, and if axonic, an incremental response is evoked. 


DISCUSSION 


This paper deals with the sequence of events following electrical 
stimulation of the olfactory nerve in turtles. 

The turtle has a well-defined olfactory nerve containing compact 
bundles of fibres, which make possible its synchronous activation 
by electrical shock. This type of stimulation would not be feasible 
in most mammals since the olfactory fibres run separately instead 
of being collected in well-defined nerve bundles. The synchronous 
activation of many neurons offers the possibility for precise meas- 
urement of the time sequence of the electrical events. An attempt 
was made to correlate each component of the evoked activity with 
its locus of origin in individual nerve structures. 

Synaptic conduction through the glomerulus is extremely slow 
requiring 8 to ro msec. This might be due to the intrinsic synaptic 
process or to the slow conduction in the intraglomerular fibres which 
are extremely thin. The existence of a slow pre-synaptic potential 
with characteristics different from those of the action potential of 
the axons themselves was well established. 

The site of origin of the different components of the complex 
evoked activity was determined by combining different techniques 
of stimulation and recording. 

Records from different depths, following either orthodromic or 
antidromic stimulation, are identical in showing the maximum ne- 
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gativity of the most prominent component of the response at or 
immediately above the mitral cell bodies, and the maximum rate 
of change, — to +, just below this, in the internal plexiform layer. 
Here, this potential reverses with respect to a distant reference lead, 
locating a boundary between active and inactive tissue. At this 
level, the record also becomes diphasic, showing a brief negative 
spike preceding the larger positive wave. These findings relate this 
brief spike to the axon hillock and the much larger negativity to 
the dendritic pole of the cell body, with possible involvement of at 
least the proximal portions of its dendrites. No diphasicity is present 
in the dendritic region such as would indicate conduction upwards 
toward dendritic terminals. The deep positivity is then a reflection 
of the more shallow negativity in a dipolar field around an active 
neuron in a conducting medium. The initial spike negativity appears 
to be the immediate precursor, at the axonal pole of the cell, of the 
much larger potential occupying the dendritic pole. 

In the analysis reported above, no attempt was made to pursue 
a detailed study of the electrical field as was performed by other 
authors in other nerve structures. We believe, however, that the 
negative-positive sequence in the deeply recorded potential, evoked 
by orthodromic or antidromic stimulation, is an indirect, but strong 
argument in favor of the hypothesis proposed above. 

These results justify the following tentative interpretation of 
the sequence of events following stimulation of the olfactory nerve. 
The incoming impulse depolarizes the terminals of the apical den- 
drite in the glomerulus; this synaptic activity, in turn, depolarizes 
electrotonically the cell body, resulting in a spike response of the 
axon hillock and axon. The spike potential, much greater than the 
electrotonic depolarization that initiates it, is then capable of exciting 
the cell bodies and dendrites. Such an hypothesis was first suggested 
by Coombs, Curtis, and Eccles in their investigation of the activity 
of spinal motor neurons activated through the reflex pathway (6). 
The-over all surface-negativity, when recorded from surface to ven- 
tricle, is the algebraic summation of the negatively directed dendritic 
pole activity as sink, and the positivity of the axonal pole as source. 
The inequality, with resulting net surface-negativity, is presumably 
due to the asymmetry of the neurons and of the field about them. 
This asymmetry may include a decremental spread of depolarization 


along the dendrites toward the glomeruli, electrotonic or graded in 
character. 
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The results discussed above concern the evoked activity in the 
mitral cells. The following discussion will be concerned with the 
activity in the granular cells. The maximum spontaneous activity 
in the olfactory bulb is recorded with electrodes placed deep in the 
internal granular layer. As shown in Fig. 9, this activity of the 
granular cells goes through a © silent period’? when a response is 
evoked after electrical stimulation of the olfactory nerve. This fact 
strongly suggests that the granular cells are driven into activity 
every time impulses travel through the mitral cell pathway. The 
granular cells do not receive direct connections from the olfactory 
nerve, but they are indirectly connected with the nerve bysithe 
recurrent axon of the mitral cells. In mammals the recurrent axons 
of the mitral cells end on the granular cells (5). Although in the 
turtle we were unable to see the actual endings of the recurrent 
axon, we saw this axon branching in the direction of the granular 
cells shortly after its ‘origin. Some of the granular cells, in turn, 
send their axons to the basal dendrites of the mitral cells; thus 
closing a kind of “ recurrent circuit’. Cajal (5) and most authors 
after him, have interpreted these morphological findings as indicative 
of a mechanism for spreading and reinforcing of activity to neighbor- 
ing units as well as refiring of the same system after a simple afferent 
volley. This interpretation does not seem to apply to our results 
in the'turtle. The activity in the above mentioned recurrent system 
blocks the pathway to impulses coming by way of the glomerulus. 
As described in previous paper (9), the “yecurrent circuit’’ appar- 
ently ends in mitral cells other than the cell of origin. If any spe- 
culation can be advanced on its functional meaning, it will be that 
rather than diffusing the activity, it will tend to restrict it to a 

particular group of cells and inhibit the other mitral cells. Adrian (2) 
found that different mitral cells are sensitive to different odors. 
The above mentioned mechanism may play a role in such a differ- 
ential sensitivity. Many other pathways end in the granular cells 
(see following paper). They all have the same inhibitory effect upon 
the mitral cells. 

The characteristics of the excitability cycle in the pathway 
from nerve to cortex deserve comment. As mentioned in the results, 
there are two main loci of inhibition in this pathway: one is in the 
glomeruli and the other in the basal dendrites of the mitral cells. 
At the glomerulus, the post-activity depression to maximal stimu-. 
lation of the nerve lasts for an extremely long time. However, even 


404 F, ORREGO 

a weak shock, unable to evoke any “ recordable response ’’, blocks 
a response of the bulb to a following strong shock applied to the 
nerve. The weak shock may result in activity in a large number 
of synapses in the glomerulus. Such activation may, however, be 
subliminal and no depolarization of the cell body and dendrites of 
the mitral cells will follow’. The stronger subsequent shock will 
find these synapses in a “ depressed state’’, and the amount of 
spatial summation necessary to fire the mitral cell will not be reached. 
The unusually high amount of convergence taking place at the 
glomerulus strongly suggests that the normal way of activation at 
these particular synapses needs a high degree of spatial summation. 
The second locus of depression at the basal dendrites of the mitral 
cells was already discussed. In this case, the depression is due to 
true inhibition and not to post-activity depression. The stimulation 
of other pathways which also end in the granular cells blocks the 
response to olfactory nerve stimulation. In this case, the inhibition 
: is not preceded by activity of the mitral cells or activity at the 
ov synaptic level. 

Three types of responses were observed in the piriform cortex 
through repetitive stimulation at three different points of the olfacto- 
try pathway. The stimulation of the glomerulus, in a presynaptic j 
locus, results in a strongly decremental response; post-synaptic 
stimulation immediately below the glomerulus results in a slightly 
decremental response, while stimulation of the olfactory tract beyond 
the origin of the recurrent axon evokes a recruiting response. Since 
the responding elements are the same in all three instances, it is 
shown that the response can shift from decremental to recruiting 
according to the place of stimulation in the same pathway, even | 
when no synapse is interposed. In other words, a change from a_ 
-decremental to a recruiting response by shifting the locus of stimu- 
lation does not necessarily imply a change of the stimulated pathway 

or of the responding - elements. ~ = 
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SUMMARY 
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The evoked response in the olfactory bulb to electrical stimula- 
tion of the olfactory nerve was analyzed. The site of. origin of th 
re NS of the complex evoked. potential was i 
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gated by the technique of differential fractional recording, and the 
histological localization of the recording leads by ferrocyanide stain- 
ing. The evoked activity consists of four main components. The 
first is the action potential of the olfactory nerve fibres; the second 
is the presynaptic activity of the fine intraglomerular fibres; the 
third is the response of the dendrites and/or the cell bodies of the 
mitral cells; the fourth is the activity of the granular cells. The 
spontaneous activity in the olfactory bulb originates in the granular 
cells. 

A very long lasting depression (10-15 sec) was observed in the 
piriform cortex following a response to a maximal stimulation of 
the olfactory nerve. Two loci in the pathway seem to be responsible 
for it. The first is a post-activity depression in the glomeruli, the 
second is the inhibitory feedback through the recurrent axon of the 
mitral cells and granular cells. Repetitive stimulation of the olfactory 
bulb results in three different patterns of activity; a strongly decre- 
mental response to presynaptic glomerular stimulation, a slightly 
decremental response to postglomerular stimulation, and an incre- 
mental response to stimulation of the axon of the mitral cells beyond 
the origin of the recurrent axon. Thus, a response can change from 
decremental to recruiting by shifting the locus of stimulation along 
a pathway, even if no synapse 1s interposed. 
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ANALYSES 


Handbook of Physiology, Section I. Nee Vol. II. American 
Physiological Society, Washington, D. C., 1.60, vi, 781-1439 Ppp. 


The second volume of the neurophysiology section of the new Handbook 
of Physiology covers most of what is called “‘ regional neurophysiology ” 
The material has been grouped under two main headings, (1) motor, or rather 
effector, mechanisms; and (1) central regulatory mechanisms, each section 
being introduced by such established authorities as Professor Denny- Brown 
and Professor Bremer, respectively. 

The motor control in the somatic sphere is dealt with in several separate 
chapters devoted to sensori-motor integration, pyramidal and extrapyramidal 
activities, spinal mechanisms, posture and locomotion, eye movements. 
Central and peripheral autonomic mechanisms (a classification which seems 
to follow Langley’s old conception of the autonomic system as a purely 
motor outflow) are also discussed, with special accounts of neural regulation 
of different visceral functions (pituitary secretion, respiration, circulation, 
digestion, etc.). A separate discussion of such complex phenomena, as 
feeding, drinking, and reproduction, is also included, although these functions 
can hardly be considered merely effector in nature. It isnot clear, however, | 
why four chapters on central and peripheral autonomic mechanisms, on the 
central control of pituitary secretion and on neurosecretion were inserted 
in this section between those devoted to spinal reflexes and to posture and 
locomotion. i = 

Under the heading of Central regulatory mechanisms, classical topics 
such as the cerebellum (which might have been discussed with the motor — 
mechanisms) are found together with newer subjects, such as the brain 
stem reticular formation, the unspecific thalamic nuclei, and the several 
structures belonging to what is now called the limbic system. Emphasis ~ 
on, the ascending f ions of the reticular formation and their relation to — 
NEES and § of the most important neurophysiological con- 

r Is in comes however unexpected to the reader of an 
: 2 reticular formation is defined as a motor center, © 
an argume raised against ‘‘ the present vogue ~~ brain. myth logy 
nt consciousness and attention ”’ eats he oe Ars ee 
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A few deviations from this line are due to the editor’s effort to include authors 
of different background and philosophy, an endeavor which has otherwise con- 
tributed to the high standing of the volume. This has resulted in occasional 
slips from the usual operational rigour of the language. 

ice The volume here reviewed also offers an opportunity to judge how 
fruitful this new spirit and modern technology have been in terms of actual 
experimental results. Throughout these pages, one comes across a large part 
of the most important contributions which have marked the progress of 
modern neurophysiology. Indeed, in older handbooks, and even in those 
which have immediately preceded the present one, one could hardly find 
the mere concept, ©. &., of postural regulation through the gamma _ loop, 
or of pituitary control through the hypophysial portal vessels; nor was 
the attempt to interconnect subcortical and cortical functions by way of 
the ‘‘ diffuse ’’ reticular and thalamic systems even conceived only twenty 
years ago. 

These and other accomplishments are all faithfully and carefully 
expounded in the twenty seven chapters of the volume. Over five thousand 
references testify the authors’ efforts in assembling such a huge body of 
scientific material and in balancing the proportion of old and newer 
contributions. They testify moreover how actively and fruitfully neuro- 
physiological investigation has been pursued during the last decades. In 
almost every chapter the body of knowledge appears to have substantially 
grown in post-war years. 

However, at the end of his reading the neurophysiologist is left with 
a mixed feeling of pride and perplexity. So many advances in techniques 
and in information on separate fields seem hard to weave together to yield 
a more coherent or, at least, a less confused view of the brain functions 
as a whole. Since a spirit of integration can scarcely be perceived in the 
book, the reader is left with the impression of having perused an invaluable 
sourcebook of information, a vast and wealthy repository of useful references, 
rather than a unified compendium of neurophysiological knowledge. Although 
the editors might have provided a considerably more co-ordinated work, 
one remains with the doubt that the sourcebook character of the Handbook 
may be substantially consonant to the nature and the aims of to-day’s 
biology. Refinement of techniques and increasing emphasis on unitary 
phenomena have brought with them, as a mecessary complement, fragmen- 
tation, deficient systematization, lack of far-reaching insight. While avoiding 
lamentations for a trend which seems necessary to the growth of his science, 
the neurophysiologist has to accept broader integration as a task to be de- 
ferred to some future generation of scientists. 

A. ZANCHETTI 


GELLHORN E. Autonomic Imbalance and the Hypothalamus. Implications 
for physiology, medicine, psychology, and neuropsychiatry. University 
of Minnesota Press, Minneapolis, 1957, XIV-300 Pp. $ 8.50. 


Both this monograph and the more recent one by Sager (see below) are 
intensely personal in nature. As a result, they exhibit the advantages and 
the disadvantages which always accompany such an approach. The two 
works complement each other in a unique way, however, and in combination 
provide a remarkable overview of tae diencephalon. 

Gellhorn’s monograph is a personal statement 1n the grand manner. 
Ranging over wide areas of the Western literature, but always heavily 
dependent upon his own investigations, Gellhorn surveys the role of the 
hypothalamus in many diverse autonomic functions. The monograph 1s 
not only ‘‘....a study of the influence of reflexly and directly produced 
central autonomic imbalances ‘on autonomic reflexes and, to use Cannon Ss 
terminology, on the sympathetic and para-sympathetic downward dis- 
charge. Fundamental as such work appears to be for physiological and 
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clinical problems, it needs an important complement, the investigation of 
the ‘upward ’—hypothalamic-cortical—discharge under the conditions of an 
altered hypothalamic autonomic balance. "’ (p. 5). With this point of view 
as a starting point, and analyzing hypothalamic autonomic balance in terms 
of the relative strength of sympathetic and para-sympathetic discharge, 
Gellhorn goes on to discuss in a most stimulating manner the implications 
of his studies on hypothalamic mechanisms to a wide range of neurophysio- 
logical, psychological, and neuropsychiatric problems. The author has no 


doubt that his ‘‘ .... program for neuro-psychiatric research and his practical 
suggestions will be rejected by some as speculation or dreams SLORSIICI 
critics, he has two answers: ‘‘ (1) facts as such are sterile and only ideas 


grown from well established facts are responsible for the advancement of 
science; (2) history has shown that not the realists but the dreamers have 
conquered the world.” (p. 281). 

Both Gellhorn and Sager make a point of addressing their books to 
the physician in the hope that the information on diencephalic mechanisms 
will assist him in the care of patients. To this reviewer, however, it seems 
that they will be chiefly of interest to the serious student of the thalamus 


and hypothalamus, who will find much to ponder. 
R. J. GUMNIT 


SacER QO. Diencefalul. Editura Academiei Republicii Populare Romine. Bu- 
caresti, 1960, 364 pp., Lei 34, 80. (In Romanian with summary and 
figure legends also in Russian and English). 


This reviewer does not read Romanian, therefore the comments on 
diencefalul are based upon the 17 page Enghsh summary and the English 
translation of the legends of 208 figures. 

Sager’s book actually consists of two independent parts. The first half 
of the monographs is devoted to a survey of the phylogeny and anatomy 
of the specific and non-specific thalamic nuclei. Referring frequently to 
classical and to some forgotten papers in the early literature, Sager outlines 
the anatomy of the thalamus, relates the terminology of various authors 
in a most complete way, and discusses the differences in results produced 
by different experimental techniques. He then goes on to discuss certain 
of the physiological studies relating the thalamic nuclei to both the cortex 
and peripheral receptors, with an emphasis on somatotopic localization 
within the thalamic nuclei. The second portion of this monograph deals 
with the hypothalamus in much the same way. Here the emphasis is less 
on the autonomic and endocrine effects of this portion of the brain than 
on the relationships between the hypothalamus and cortical structures. 
The relationships between the hypothalamus and the brain stem, spinal 
cord, and even peripheral nerves are discussed. If the reader is disappointed 
at the absence of a discussion, or even citation, of certain well known papers 
in the Western literature, particularly some published in English, he is more 
than rewarded by finding extensive references to the Eastern European and 
Russian literature, particularly the work of Bykov and of Sager himself. 


R. J. Gumnit 


Arch. ital, Biol., 466-468, ro6x. 
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